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The aim of the present thesis is to develop a set of numerical models in order to simulate the physical and chemical processes in combustion chamber as well as in exhaust gas after-treatment system of internal combustion engines.

In the first part of the thesis, two new multi-component evaporation models for droplet and liquid film are proposed. In the droplet evaporation model, a new expression of the evaporation rate has been proposed. It has been shown that taking into account the heat flux due to the enthalpy diffusion of species is of primary significance in the energy balance at the droplet surface. In addition, numerical investigations have shown the importance of considering a real gas equation of state in the high pressure and/or low temperature conditions. A multi-component liquid film evaporation model has then been developed based on the single-component film evaporation model already implemented in IFP-C3D code. Particularly, the wall laws have been generalized for the multi-component film evaporation taking into account the mentioned features applied to the droplet evaporation model. The importance of surface temperature in the evaporation of liquid film has also been shown. Contrary to the droplet evaporation, the numerical investigations on film evaporation have shown that using an ideal mixture equation of state leads to results similar to those obtained using a real gas equation of state.

The second part of the thesis uses the evaporation models, developed in the first part of the thesis, along with a new developed thermolysis model in order to produce the ammonia needed for the SCR system. In the present study, ammonia is produced from the urea-water solution injected into the exhaust pipe line. Water evaporates and urea decomposes to ammonia needed for SCR system. The evaporation of water is modeled with the proposed evaporation models in the first part of the present thesis with some modifications in order to take into account the influence of urea on the water evaporation. New multi-step thermolysis model for urea is then implemented in the IFP-C3D code in order to simulate the distribution of gaseous ammonia at the entrance of SCR system. The present model is also able to simulate the formation of solid by-products from urea thermolysis. The numerical results of the developed models allow us to assess the contribution of the developments made during this work in the context of industrial applications.

General Introduction

Automobile manufacturers aim to develop engines with high efficiency and specific power output while always keeping inside the limits of the imposed emissions regulations, which every day become more stringent. In this context, significant achievements for the development of cleaner and more efficient engines have been made over the last years by following various engine-related techniques, such as the use of common-rail system, fuel injection control strategies, exhaust gas recirculation, exhaust gas after-treatment, etc. [START_REF] Heywood | Internal combustion engine fundamentals[END_REF][START_REF] Stone R | Introduction to internal combustion engines[END_REF]. Figure 1 shows the combustion chamber with a sample of exhaust gas after-treatment devices for producing the propulsion power while reducing the exhaust gas pollutants (an oxidation catalyst (denoted OXI-cat), a reduction of NOx (denoted SCR-cat) and a catalytic oxidation of ammonia (NH 3 ) (noted Slip-cat)). Fuel-air mixture preparation, combustion and exhaust gas after-treatment are the noticeable processes in internal combustion engines which control the engine power, efficiency and emissions. The mixture preparation contains some pre-processes that affect the combustion phenomenon. The most important features of the mixture preparation are related to the fuel composition (i.e. its multicomponent nature may contain chemical oxygen species or more or less soluble), the method of injection, spray atomization and liquid evaporation and a possible formation of liquid film on the surface of the piston (Figure 2). Among these mentioned phenomena, evaporation of multi-component fuels is still not well understood despite its well known importance for the mixture preparation at cold start operating conditions, for instance [START_REF] Perrin | Analysis of Combustion Process in Cold Operation with a Low Compression Ratio Diesel Engine[END_REF][START_REF] Walter | Cold Operation with Optical and Numerical Investigations on a Low Compression Ratio Diesel Engine[END_REF]. Indeed, the distribution and concentration of fuel vapor components in the combustion chamber directly affects the combustion efficiency, performance and emissions of the combustion system for direct injection engines currently being developed by automakers [START_REF] Curtis | A New High Pressure Droplet Vaporization Model for Diesel Engine Modeling[END_REF].

xxii Despite new technologies that significantly aid in reducing engine-out exhaust emissions, NOx (nitrogen oxides) is still the subject of environmental concern. Emissions of nitrogen oxides from the exhaust pipe of Diesel engines are known to be a major cause of photochemical air pollution. Nitrogen oxides also produce nitric acid when oxidized in the atmosphere, which is considered a major component of acid rain. Among the unwanted products, NOx play an important role in science and industry since their formation is inevitable when fuel is burnt at high temperature in a combustion process. In automotive applications, the urea-water-solution (UWS) based selective catalytic reduction (SCR) is a promising method to control NOx emissions (Figure 3). Ammonia is required on the SCR catalytic converter as a reaction agent for NOx. However, ammonia might not be a suitable reducing agent for mobile sources mainly due to the difficulties in its storage, handling and transportation [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF]. Urea possesses considerable advantages over ammonia in terms of toxicity and handling [START_REF] Itaya | NO reduction behavior by urea solution injection in the tubular reactor[END_REF][START_REF] Alzueta | Interactions between nitric oxide and urea under flow reactor conditions[END_REF][START_REF] Park | A study of urea decomposition and a comparison between urea and ammonia as NOx reducing agents[END_REF][START_REF] Park K | Characteristics of reducing NO using urea and alkaline additives[END_REF]. However, its necessary decomposition into ammonia and carbon dioxide complicates the DeNOx process. The major undesirable effect of this is a lower NOx conversion on a given catalyst [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF]. In mobile industries, UWS is used instead of ammonia and is injected into the exhaust pipe line to produce ammonia by thermolysis of urea and hydrolysis of iso-cyanic acid. Currently, most developed techniques use Urea-water-solution (UWS) containing 32.5 wt% urea by weight (trade name: AdBlue). This two-components mixture is sprayed into the exhaust gas (see Figure 1). The reducing agent (ammonia, NH 3 ) is generated by evaporation of water, thermolysis of urea and hydrolysis of isocyanic acid (HNCO) [START_REF] Koebel | NOx-reduction in diesel exhaust gas with urea and Selective Catalitic Reduction[END_REF]. In this process, the evaporation of water is influenced by the presence of the dissolved urea [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF]. The resulting spatial distribution of the reducing agent NH 3 upstream to the catalyst is a crucial factor for the conversion of NOx [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF]. For the study of such system, several physical processes (mainly evaporation of water and thermal decomposition of urea) need to be modeled.

The present thesis contains two main parts:

 The first part proposes multi-component evaporation models for droplets and liquid films in order to improve mixture preparation simulations inside the combustion chamber of automotive engines (Diesel, Gasoline, etc.).  The second part proposes a set of models including the evaporation of the urea-water solution (for the spray droplets and the liquid films) and the thermolysis of urea in the exhaust pipe of automotive engines. The present work develops numerically the UWS-SCR technology, (as illustrated in Figure 1), in order to reduce the NOx emissions. A schematic of a SCR system is shown in Figure 3.

The three-dimensional modeling of injection of fuel containing hundreds of chemical components (until 300) into critical conditions (high pressures, until 15 MPa and high temperatures, until 900 K at the injection of liquid fuel) and its subsequent multi-component evaporation represents itself an engineering challenge. Knowing the vaporization characteristics of multi-component fuels is of great interest in order to efficiently optimize the combustion chamber and to avoid extensive experimental optimizations. The theory of single and/or multi component droplet vaporization has been developed during the past decades [START_REF] Curtis | A New High Pressure Droplet Vaporization Model for Diesel Engine Modeling[END_REF][START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Zhu G-S | A model for high-pressure vaporization of droplets of complex liquid mixtures using continuous thermodynamics[END_REF][START_REF] Ra | A vaporization model for discrete multi-component fuel sprays[END_REF][START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF][START_REF] Tamim | A Continuous Thermodynamics Model for Multicomponent Droplet Vaporization[END_REF]. Solving for multi-component fuel evaporation is complex and costly and for simplicity, real fuels have been represented by single-component fuel models (or surrogates). However, single-component fuel models are not able to predict the volatility and the complex behavior of the vaporization of multi-component fuels such as diesel, gasoline or future biofuels. Nowadays, with the aid of supercomputers, developing multi-component fuel models becomes more tractable.

Droplet vaporization has intensively been investigated experimentally and numerically during the past decades. Although numerical simulation of droplet evaporation has received a considerable attention in the past, few experimental accurate data are available for the validation of droplet evaporation models even at atmospheric pressure. Most isolated droplet evaporation experiments have been conducted with the droplet suspended on a support fiber to avoid the experimental difficulties for free-falling droplets [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF]. The support fiber which has a relatively large diameter (more or less 150 µm) increases the droplet evaporation rate due to the heat transfer through the fiber to the droplet even xxiii at low ambient temperatures. Droplet vaporization models from the literature (such as [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF]) have compared their numerical results mainly on the experiments with large sizes of fibers [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF]. Consequently, these models have usually overestimated the vaporization rate. Moreover, most previous models neglect the heat flux between the gas and the droplet due to the enthalpy diffusion of species during the evaporation process. In addition, the mass conservation is not rigorously respected when Fick's law is used to model the diffusion velocity of more than two species in the mass fraction conservation equations of the gas mixture. Thus, a new model that could have a better estimation of multicomponent droplets evaporation is needed. While the idea of treating complex fuel mixtures and using continuous thermodynamics approach has recently been applied to practical engine fuel vaporization and combustion by Wang and Lee [START_REF] Lee | Continuous Multicomponent Fuel Film Vaporization Model for Multidimensional Engine Modeling[END_REF] and Lippert et al. [START_REF] Lippert | Investigating the Effect of Spray Targeting and Impingement on Diesel Engine Cold Start[END_REF], and needs less computation time [START_REF] Doué | Vaporization of Multicomponent Droplets using Continuous Thermodynamics Model with Multiple Distribution Functions[END_REF], in the present study, discrete pure species approach have been adopted in order to be able to use kinetic schemes for combustion, autoignition and even for chemical reactions in the exhaust system (see Figure 1). Then, the first goal of the present work consists in the development of a multi-component droplets evaporation model based on a discrete species approach. This new model is going to be presented in the Chapter 1 of this manuscript. In the combustion chamber of diesel or gasoline engines, injection of fuel containing low volatile components may lead to the formation of a thin multi-component liquid film on the piston surface (Figure 2). This multi-component liquid film is one of the important sources of unburned hydrocarbon (HC) and soot especially during transient and cold start periods [START_REF] Desoutter | Single-component Liquid film evaporation model development and validation using Direct Numerical Simulation[END_REF][START_REF] Habchi | Influence of the Wall Temperature on the Mixture Preparation in DI Gasoline Engines[END_REF]. In this condition, the temperature of the cylinder wall is too low to vaporize the liquid fuel impinged on the wall. Consequently, a high portion of injected fuel remains on the wall. Investigation of liquid fuel film behavior is important in order to understand the HC formation mechanism and to develop appropriate injection system [START_REF] Cho | Computational and Optical Investigation of Liquid Fuel Film on the Cylinder Wall of an SI Engine[END_REF]. Different multi-dimensional numerical models of liquid film have been developed by Stanton and Rutland [START_REF] Stanton | Modeling Fuel Film Formation and Wall Interaction in Diesel Engines[END_REF][START_REF] Stanton | Influence of Spray-Wall Interaction and Fuel Films on Cold Starting in Direct Injection Diesel Engines[END_REF], Bai and Gosman [START_REF] Bai | Mathematical Modeling of Wall Films Formed by Impinging Sprays[END_REF], Foucart et al. [START_REF] Foucart | Modélisation tridimensionnelle des films liquides pariétaux dans les moteurs à combustion interne[END_REF][START_REF] Foucart | Development of a Three Dimensional Model of Wall Fuel Liquid Film for Internal Combustion Engines[END_REF], Han and Xu [START_REF] Han | Wall Film Dynamics Modeling for impinging sprays in Engines[END_REF], O'Rourke and Amsden [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF][START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF] (referred to subsequently as OA) and Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] (referred to subsequently as GD). The first three models describe the dynamics of the liquid by an Eulerian approach whereas the models of GD and OA adopt a Lagrangian particle tracking method.

In addition, some experimental and numerical single-component film evaporation studies have been performed [START_REF] Mcbain | Evaporation from an open cylinder[END_REF][START_REF] Beverley | Evaporation rates of structured and non-structured liquid mixtures[END_REF][START_REF] Pursell | Evaporation rates of pure hydrocarbon liquids under the influences of natural convection and diffusion[END_REF][START_REF] Pauken | An experimental investigation of combined turbulent free and forced evaporation[END_REF][START_REF] Himmelsbach | Experimental and numerical studies of evaporating wavy fuel films in turbulent air flow[END_REF][START_REF] Gerendas | Experimental and numerical investigation on the evaporation of shear-driven multicomponent liquid wall films[END_REF][START_REF] Brighton | Further verification of a theory for mass and heat transfer from evaporating pools[END_REF][START_REF] Chebbi R | Evaporation of complex and pure components liquid hydrocarbon mixtures[END_REF] in the past few decades. However, few models exist in the literature for multicomponent liquid films especially assuming the discrete approach [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF][START_REF] Zeng | A multicomponent-fuel film-vaporization model for multidimensional computations[END_REF]. Torres et al. [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF] used discrete approach for both spray and film evaporation models. These multi-component models are generalized from single-component evaporation model of OA [START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF].

The most recent model (developed by GD) for liquid film evaporation uses new wall functions [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] developed using direct numerical simulations (DNS) in order to better take into account the blowing velocity due to evaporation (Stephan velocity), and the strong density and viscosity gradients xxiv near the liquid film. However, GD [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] assumed the liquid film to be single-component and also the heat flux due to the enthalpy diffusion of species was not taken into account in his model. Consequently, a multi-component liquid film evaporation model will be developed in Chapter 2 of the thesis. It is based on Desoutter single-component film evaporation model [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] which was already implemented in IFP-C3D code (see Appendix E) for single-component film evaporation modeling.

The conditions of high pressure prevailing in internal combustion engines may justify the use of a real gas equation of state (EOS). In fact, in this condition, gaseous fuel species do not follow the ideal mixture assumption. The influences of some parameters like the physical properties variation related to the phase change (like latent heat of vaporization, etc.), the ambient gas solubility in the liquid phase and the thermodynamic non-ideality should also be taken into account in the suggested droplet and film evaporation models. Therefore, multi-component droplets and liquid film evaporation models with both real and ideal mixture assumptions will be developed in the first part of this manuscript.

The goal of the second part of the thesis is to simulate the processes leading to NOx reduction of engine exhaust gas. These processes contain mainly the simulation of the injection of an urea-water solution (UWS) to the exhaust pipe leading to the evaporation of water and the thermolysis of urea (see Figure 3). The evaporation of water and thermolysis of urea are the most significant processes for the production of ammonia. This ammonia will finally react with the exhaust gas (in the SCR system) to decrease the amount of NOx in the gas flowing to the atmosphere (as shown in Figure 3). Note that this latter process to reduce NOx in the SCR system is not part of the objectives of this study. The second part of this manuscript describes and models the entire process of production of ammonia from UWS in an exhaust pipe line. To monitor all processes, a set of models must be developed. In particular, multi-component droplet and liquid film evaporation models are crucial parts of the UWS injection and subsequent evaporation. These models should allow us to simulate the evaporation of multi-component droplets and liquid film that may be formed on the exhaust pipe surface due to the impact of UWS droplets (Figure 3). Since the vapor pressure of urea is very low, the result of the evaporation of the UWS is the production of solid urea once water is completely evaporated. Evaporation of water from UWS is a little more complicated than hydrocarbon mixture evaporation due to the presence of urea solute in the water. At the beginning of the injection of AdBlue, the preferential evaporation of water leads to an increase in urea concentration in the droplets. This phenomenon gradually reduces the rate of evaporation of water. When the UWS droplet size is small and the evaporation of water is slow, the concentration of urea throughout the droplet increases uniformly which finally leads to the formation of solid particle. But, when rapid water vaporization occurs on the droplet surface, urea concentration increases at the droplet surface which builds up a solid urea shell around the droplet. The last case occurs for larger droplets with higher heating rates. In this study, evaporation models described in Part I have been extended to take into account the presence of urea in water. The vapor pressure of the UWS will be obtained using NRTL (Non-Random Two-Liquids) activity model [START_REF] Lefèbvre | Calcul des pressions de vapeur de mélanges eau-urée pour des températures situées entres 300 K et la température critique de l'eau par le modèle NRTL[END_REF] which will be described in Chapter 4. xxv There are a number of experimental works in the literature for urea thermolysis [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF][START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF][START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF][START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF][START_REF] Grünwald | Verbesserung der Reduktionsmitteldispersion und verdunstung in SCR-Abgasanlagen[END_REF][START_REF] Prieto | Needle array DBD for solid urea decomposition[END_REF][START_REF] Mckinely | A Urea Decomposition Modeling Framework for SCR Systems[END_REF][START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF][START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF][START_REF] Stradella | A study of the thermal decomposition of urea, of related compounds and thiourea using DSC and TG-EGA[END_REF][START_REF] Chen | Thermal Decomposition of Urea and Urea Derivatives by Simultaneous TG/(DTA)/MS[END_REF][START_REF] Carp | Considerations on the thermal decomposition of urea[END_REF][START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. Numerical modeling of urea thermolysis for SCR systems has been conducted since the past few years [START_REF] Zanoelo | A lumped Model for Thermal Decomposition of Urea. Uncertainities Analysis and Selective Non-Catalytic Reduction of NO[END_REF][START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF]. Analyzing the literature, several studies on the evaporation and thermolysis of UWS from sprayed droplets can be found (e.g. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF][START_REF] Van Helden | Optimization of Urea Scr Denox Systems for HD Diesel Engines[END_REF][START_REF] Wurzenberger | Multi-Scale SCR Modeling, 1D Kinetic Analysis and 3D System Simulation[END_REF][START_REF] Chen | Modelling and Optimization of SCR-Exhaust Aftertreatment Systems[END_REF][START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF]). Birkhold et al. [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF] developed a 3D numerical computer model for injection of UWS. They considered the interaction of the spray with both the hot gas stream and walls of the exhaust pipe. In a complementary work [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] Birkhold et al. developed a thermolysis model for urea particles based on the experimental data of Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF]. In their work, thermal decomposition of urea was limited to the molten urea. Their single-step thermolysis model is based on the assumption that urea is heated very quickly. In addition, they neglected the production of solid by-products (like biuret, ammeline and ammelide) which could be formed in the exhaust pipe for different temperature and/or gas flow conditions. In the present study, a model for thermal decomposition of solid urea is developed based on the experiments of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] and Schaber et al. [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. In addition to the thermolysis of urea, the new model takes into account the thermal decomposition of solid by-products (shown in Figure 3) (like biuret, cyanuric acid-CYA and ammelide) which have been observed experimentally. Depending on engine loading conditions and exhaust configuration, urea and solid by-products deposits decrease the efficiency of the SCR system [START_REF] Zheng | Investigation of Urea Deposits in Urea SCR Systems for Medium and Heavy Duty Trucks[END_REF]. They may cause backpressure and material deteriorations and negatively affect the engine and SCR system operations and emission performances. With the developed evaporation of UWS and the multi-step thermolysis models presented in Chapter 5, the formation and distribution of NH 3 and deposition of urea and its by-products can be simulated to improve SCR exhaust system efficiency and engine performance in general.

The models developed in the present work are implemented in the IFP-C3D code (see Appendix E) and used to simulate the mixture preparation and combustion of different bio-fuels in a typical Diesel engine operating with conventional fuels and mixtures of first (including esters) and second (like ethanol) generation bio-fuel. The numerical results are discussed in Chapter 3. Also, the UWS injection, water evaporation and urea thermolysis have been simulated in a typical exhaust pipe configuration in Chapter 6.

Finally, general conclusions are drawn in Chapter 7 along with future works indication.

Introduction Générale

Les constructeurs automobiles visent à développer des moteurs à haut rendement tout en respectant les limites imposées par la réglementation sur les émissions, qui chaque jour deviennent plus rigoureuses. Dans ce contexte, des résultats significatifs pour le développement de moteurs propres et économes ont été réalisés au cours des dernières années grâce à diverses techniques telles que l'utilisation de système d'injection de type Common-rail, les stratégies de contrôle d'injection de carburant, la recirculation des gaz d'échappement, le post-traitement des gaz d'échappement, etc. [START_REF] Heywood | Internal combustion engine fundamentals[END_REF][START_REF] Stone R | Introduction to internal combustion engines[END_REF]. La Figure 1 montre une chambre de combustion avec un exemple de système de post-traitement de gaz d'échappement pour réduire les différents polluants (un catalyseur d'oxydation (noté OXI-cat), un système de réduction de NOx (noté SRC-cat) et un catalyseur d'oxydation d'ammoniac (NH 3 ) (noté Slip-cat)).

La préparation du mélange air-carburant, la combustion et le post-traitement de gaz d'échappement sont les processus notables dans les moteurs à combustion interne qui contrôlent la puissance du moteur, son efficacité et ses émissions polluantes. La préparation du mélange contient plusieurs processus physiques qui influencent le phénomène de combustion. Les processus les plus importants de la préparation du mélange sont liés à la composition du carburant (i.e. par sa nature multicomposant il peut contenir des espèces chimiques oxygénées ou plus ou moins solubles), à la méthode d'injection, d'atomisation du jet liquide et son évaporation ainsi qu'à une éventuelle formation de film liquide sur la surface du piston (Figure 2). Parmi ces phénomènes, l'évaporation des carburants multi-composants n'est pas encore bien comprise, malgré son importance bien connue pour la préparation du mélange, dans des conditions de démarrage à froid par exemple [START_REF] Perrin | Analysis of Combustion Process in Cold Operation with a Low Compression Ratio Diesel Engine[END_REF][START_REF] Walter | Cold Operation with Optical and Numerical Investigations on a Low Compression Ratio Diesel Engine[END_REF]. En effet, la distribution et la concentration des espèces gazeuses dans la chambre de combustion affecte directement le rendement de combustion et les émission s polluantes des moteurs à injection directe (DI) développés actuellement par les constructeurs automobiles [START_REF] Curtis | A New High Pressure Droplet Vaporization Model for Diesel Engine Modeling[END_REF].

Malgré les nouvelles technologies qui aident à réduire de manière significative les émissions de gaz d'échappement, les oxydes d'azote (NOx) restent un sujet de préoccupation pour l'environnement. Les émissions d'oxydes d'azote provenant des moteurs diesel sont connues pour être une des principales causes de la pollution photochimique. Les oxydes d'azote produisent également l'acide nitrique quand ils sont oxydés dans l'atmosphère, qui est considéré comme une composante majeure des pluies acides. Les NOx sont des sous-produits de combustion dont la formation est quasi-systèmatique lorsque le carburant est brûlé à haute température. Dans les applications automobiles, la réduction catalytique sélective (SCR) est une méthode prometteuse pour contrôler les émissions de NOx (la Figure 3).Un réducteur est requis sur le convertisseur catalytique SCR comme agent de réaction pour les NOx. Cependant, l'ammoniac peut ne pas être un agent réducteur approprié pour les sources mobiles principalement en raison de la difficulté de son stockage, de manutention et de transport [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF]. L'urée possède des avantages considérables sur l'ammoniac en termes de toxicité et de manutention [START_REF] Itaya | NO reduction behavior by urea solution injection in the tubular reactor[END_REF][START_REF] Alzueta | Interactions between nitric oxide and urea under flow reactor conditions[END_REF][START_REF] Park | A study of urea decomposition and a comparison between urea and ammonia as NOx reducing agents[END_REF][START_REF] Park K | Characteristics of reducing NO using urea and alkaline additives[END_REF]. Toutefois, sa décomposition en ammoniac et de dioxyde de carbone complique le processus de DeNOx. Le principal effet indésirable de cette situation est une conversion plus faible de NOx sur un catalyseur donné [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF]. Dans les applications automobiles, une solution aqueuse d'urée (UWS) est xxvii utilisée à la place de l'ammoniac. Actuellement, la plupart des techniques développées utilisent une UWS contenant 32.5 % d'urée en masse (marque déposée: Adblue). Ce mélange de deux composants (eau et urée) est pulvérisé dans les gaz d'échappement (voir la Figure 1). L'agent réducteur (Ammoniac, NH 3 ) est produit après l'évaporation de l'eau et au cours de la thermolyse de l'urée et l'hydrolyse de l'acide iso-cyanique (HNCO) [START_REF] Koebel | NOx-reduction in diesel exhaust gas with urea and Selective Catalitic Reduction[END_REF]. Dans ce processus, l'évaporation de l'eau est influencée par la présence de l'urée dissoute [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF]. La distribution de NH 3 en amont du catalyseur est un facteur crucial pour la conversion de NOx dans le système SRC [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF]. Pour l'étude d'un tel système, plusieurs processus physiques (principalement de l'évaporation de l'eau de la solution d'Adblue et la décomposition thermique de l'urée) doivent être modélisés.

La présente thèse comporte deux parties principales:

 La première partie propose des modèles d'évaporation multi-composant pour des gouttelettes et de film liquide afin d'améliorer les simulations de la préparation du mélange à l'intérieur de la chambre de combustion de moteurs d'automobile (diesel, essence, etc.).  La deuxième partie propose un ensemble de modèles, y compris l'évaporation de la solution aqueuse d'urée (sous forme de gouttelettes et de films liquides) et la thermolyse de l'urée dans le tuyau d'échappement des moteurs automobiles. Le présent travail a mené au développement du modèle UWS-SCR (comme l'illustre la Figure 1), permettant d'améliorer la compréhension et la maitrise de ce type de système. Le schéma d'un système SCR est illustré par la Figure 3. Cette figure précise la zone d'intérêt pour ce travail.

La modélisation tridimensionnelle (3D) de l'injection de carburant contenant des centaines d'espèces chimiques (typiquement plusieurs centaines) dans des conditions critiques (haute pression, jusqu'a 15 MPa et haute température, jusqu'à 900 K au moment de l'injection du carburant liquide) et de son évaporation en multi-composants représente en soi un défi d'ingénierie. En effet, la connaissance des caractéristiques de vaporisation de combustibles multi-composants est d'un grand intérêt pour optimiser efficacement la chambre de combustion et minimizer les optimisations expérimentales couteuses. La théorie de vaporisation de gouttelettes et film liquide a été développée au cours des dernières décennies [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Zhu G-S | A model for high-pressure vaporization of droplets of complex liquid mixtures using continuous thermodynamics[END_REF][START_REF] Ra | A vaporization model for discrete multi-component fuel sprays[END_REF][START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF][START_REF] Tamim | A Continuous Thermodynamics Model for Multicomponent Droplet Vaporization[END_REF][START_REF] Curtis | A New High Pressure Droplet Vaporization Model for Diesel Engine Modeling[END_REF]. Pour simplifier, les combustibles réels ont d'abord été représentés par des carburants modèles souvent du type mono-composant. Cependant, les carburants-modèles monocomposant ne sont pas en mesure de prédire la volatilité et le comportement complexe de la vaporisation des combustibles multi-composants tels que le gazole, l'essence ou les biocarburants du futur. La résolution de l'évaporation du carburant multi-composant est complexe et coûteuse. Toutefois, aujourd'hui, avec l'aide de supercalculateurs, la mise en oeuvre de modèles multicomposants semble plus aisée.

Au cours des dernières décennies, la vaporisation de gouttelettes a été étudiée expérimentalement et numériquement. Bien que la simulation numérique de l'évaporation des gouttelettes ait reçu une attention considérable dans le passé, peu de données expérimentales précises sont disponibles pour la validation des modèles d'évaporation des gouttelettes même à la pression atmosphérique. La plupart des expériences de l'évaporation des gouttelettes isolées ont été menées avec des gouttelettes suspendues à une fibre en quartz pour éviter les difficultés expérimentales liées au suivi de gouttelettes en chute libre [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF]. La fibre en quartz, qui a un diamètre relativement important (plus ou moins 150 µm), augmente le taux d'évaporation des gouttelettes en raison du transfert de chaleur à travers la fibre vers l'intérieur de la goutte, même à basse température ambiante. Les études de modélisation de la vaporisation des gouttelettes de la littérature (par exemple [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF]) ont comparé leurs résultats numériques principalement avec des expériences à grandes tailles de fibres [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF]. Par conséquent, ces modèles ont généralement surestimé le taux de vaporisation afin d'être proches des mesures. D'autre part, la plupart des modèles précédents négligent le flux de chaleur entre le gaz et la gouttelette dû au transport d'enthalpie par diffusion des espèces au cours du processus d'évaporation. De plus, la conservation de la masse n'est pas rigoureusement respectée lorsque la loi de Fick est utilisée pour calculer la vitesse de diffusion qui apparaît dans les équations de conservation des fractions massiques d'un mélange gazeux comprenant plus de deux espèces. Ainsi, un nouveau modèle permettant une meilleure estimation de l'évaporation de gouttelettes multi-composant est nécessaire.

xxviii Bien que l'idée de traiter des mélanges de carburant complexe à l'aide d'une approche thermodynamique continue a récemment été appliquée à la vaporisation de carburant dans un moteur à combustion interne par Wang et Lee [START_REF] Lee | Continuous Multicomponent Fuel Film Vaporization Model for Multidimensional Engine Modeling[END_REF] et Lippert et al. [START_REF] Lippert | Investigating the Effect of Spray Targeting and Impingement on Diesel Engine Cold Start[END_REF], et semble avoir besoin de moins de temps de calculs [START_REF] Doué | Vaporization of Multicomponent Droplets using Continuous Thermodynamics Model with Multiple Distribution Functions[END_REF], l'approche discrète reposant sur des composants purs a été adoptée dans la présente étude afin d'être en mesure d'utiliser des mécanismes cinétiques pour l'auto-allumage et la combustion ainsi que pour les réactions chimiques dans le système d'échappement (Figure 1). Ainsi, le premier objectif du présent travail consiste en l'élaboration d'un modèle d'évaporation de gouttelettes multi-composant basé sur une approche discrète d'espèces chimiques. Ce nouveau modèle sera présenté dans le Chapitre 1 de ce manuscrit.

Dans la chambre de combustion des moteurs Ijection Directe Diesel ou Essence, l'injection de carburant contenant des composants peu volatiles peut conduire à la formation d'un film liquide mince multi-composants sur la surface du piston (Figure 2). Ce film liquide multi-composant est l'une des sources importantes d'hydrocarbures imbrûlés (HC) et de suies en particulier pendant les périodes de démarrage à froid et transitoires [START_REF] Desoutter | Single-component Liquid film evaporation model development and validation using Direct Numerical Simulation[END_REF][START_REF] Habchi | Influence of the Wall Temperature on the Mixture Preparation in DI Gasoline Engines[END_REF]. Dans ces conditions, la température du piston est trop faible pour vaporiser le combustible liquide arrivant sur le mur. Par conséquent, une forte proportion de carburant injectée peut former un film liquide. Des investigations sur le comportement de ce film liquide sont donc nécessaires pour, par exemple comprendre le mécanisme de formation de HC et développer un système d'injection approprié [START_REF] Cho | Computational and Optical Investigation of Liquid Fuel Film on the Cylinder Wall of an SI Engine[END_REF].

Différents modèles numériques multidimensionnelles de film liquide ont été développés par Stanton et Rutland [START_REF] Stanton | Modeling Fuel Film Formation and Wall Interaction in Diesel Engines[END_REF][START_REF] Stanton | Influence of Spray-Wall Interaction and Fuel Films on Cold Starting in Direct Injection Diesel Engines[END_REF], Bai et Gosman [START_REF] Bai | Mathematical Modeling of Wall Films Formed by Impinging Sprays[END_REF], Foucart et al. [START_REF] Foucart | Modélisation tridimensionnelle des films liquides pariétaux dans les moteurs à combustion interne[END_REF][START_REF] Foucart | Development of a Three Dimensional Model of Wall Fuel Liquid Film for Internal Combustion Engines[END_REF], Han et Xu [START_REF] Han | Wall Film Dynamics Modeling for impinging sprays in Engines[END_REF], O'Rourke et Amsden [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF][START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF] (ci-après noté OA) et Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] (noté ci-après GD). Les trois premiers modèles décrivent la dynamique du film liquide par une approche eulérienne alors que les modèles de GD et OA adoptent une méthode de suivi de particules lagrangiennes.

En outre, différentes études expérimentales et numériques d'évaporation de films mono-composants ont été réalisées au cours des dernières décennies [START_REF] Mcbain | Evaporation from an open cylinder[END_REF][START_REF] Beverley | Evaporation rates of structured and non-structured liquid mixtures[END_REF][START_REF] Pursell | Evaporation rates of pure hydrocarbon liquids under the influences of natural convection and diffusion[END_REF][START_REF] Pauken | An experimental investigation of combined turbulent free and forced evaporation[END_REF][START_REF] Himmelsbach | Experimental and numerical studies of evaporating wavy fuel films in turbulent air flow[END_REF][START_REF] Gerendas | Experimental and numerical investigation on the evaporation of shear-driven multicomponent liquid wall films[END_REF][START_REF] Brighton | Further verification of a theory for mass and heat transfer from evaporating pools[END_REF][START_REF] Chebbi R | Evaporation of complex and pure components liquid hydrocarbon mixtures[END_REF]. Cependant, peu de modèles existent dans la littérature pour les films liquides multi-composants en particulier ceux qui utilisent l'approche discrète [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF][START_REF] Zeng | Multicomponent-Fuel Film-Vaporization Model for Multidimensional Computations[END_REF]. Torres et al. [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF] ont récemment utilisé l'approche discrète pour les deux modèles d'évaporation des gouttelettes et de films. Ces modèles sont une généralisation en multi-composants du modèle de OA [START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF].

Le modèle le plus récent (développé par GD) pour l'évaporation du film liquide utilise des nouvelles lois de paroi [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] développé à l'aide de simulations numériques directes (DNS) afin de mieux prendre en compte la vitesse de soufflage dues à l'évaporation (vitesse de Stefan), et les forts gradients de densité et de viscosité près du film liquide. Toutefois, GD [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] a supposé le film liquide monocomposant et il n'a également pas pris en compte dans son modèle le flux de chaleur dû à la diffusion d'enthalpie des espèces. Par conséquent, un modèle d'évaporation de film liquide multi-composant sera développé au Chapitre 2 de la thèse. Il est basé sur le modèle d'évaporation de film liquide monocomposant de Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] qui a été déjà mis en oeuvre dans le code IFP-C3D (voir Annexe F) pour la modélisation de l'évaporation de films mono-composants.

Rappelons également les conditions de hautes pressions qui règnent dans les moteurs à combustion interne évoquées précédemment pour justifier les travaux effectués sur les équations d'état du type gaz réel. En effet, dans ces conditions, le mélange gazeux ne suit pas l'hypothèse des mélanges de gaz parfaits. Ainsi, les effets de certains paramètres sont modifiés comme la variation des propriétés physiques liées au changement de phase (chaleur latente de vaporisation, etc.), la solubilité du gaz ambiant dans la phase liquide et la non-idéalité thermodynamique, qui devraient être prises en compte dans les modèles proposés pour l'évaporation de sprays et de film liquide. Par conséquent, les modèles d'évaporation de gouttelettes et de film liquide multi-composants avec les deux hypothèses gaz réel et gaz parfait seront développés dans la première partie de ce manuscrit.

L'objectif de la deuxième partie de la thèse est de simuler le processus conduisant à la réduction des NOx des gaz d'échappement des moteurs à combustion interne. Ces processus contiennent principalement la simulation de l'injection d'une solution aqueuse d'urée (UWS) dans le tuyau xxix d'échappement conduisant à l'évaporation de l'eau et à la décomposition de l'urée (Figure 3). L'évaporation de l'eau et la décomposition de l'urée sont les processus les plus significatifs pour la production de l'ammoniac. Cet ammoniac réagit enfin avec les gaz d'échappement (dans le système SCR) pour réduire les NOx. Notons que la modélisation de ce dernier processus de réduction des NOx dans le système SCR lui même ne fait pas partie des objectifs de la présente étude.

La deuxième partie de ce manuscrit de thèse décrit et modélise l'ensemble de la procédure de production d'ammoniac à partir d'Adblue dans une ligne d'échappement. Afin de suivre tous les processus, un ensemble de modèles doivent être mis au point. Développer des modèles d'évaporation de gouttelettes et de films liquides multi-composants est la partie inévitable de l'injection de l'Adblue puis de son évaporation. Ces modèles doivent nous permettre de simuler l'évaporation des gouttelettes et le film liquide multi-composants qui peut être formé sur la surface de la conduite d'échappement suite à l'impact de gouttelettes d'Adblue (Figure 3). Comme la pression de vapeur de l'urée est très faible, le résultat de l'évaporation de l'Adblue conduit à la formation d'urée solide une fois toute l'eau est évaporée. De plus, l'évaporation de l'eau contenue dans la solution d'Adblue est un peu plus compliqué que l'évaporation de mélange d'hydrocarbures en raison de l'existence de l'urée en solution dans l'eau. Au début de l'injection de l'Adblue, l'évaporation préférentielle de l'eau conduit à une augmentation de la concentration d'urée dans les gouttelettes. Ce phénomène réduit progressivement le taux d'évaporation de l'eau. Lorsque la taille des gouttelettes d'Adblue est petite et l'évaporation de l'eau n'est pas trop rapide, la concentration d'urée à travers la goutte augmente régulièrement et conduit finalement à la formation de particules solides. Mais, lorsque la vaporisation de l'eau est rapide, l'augmentation de la concentration d'urée à la surface des gouttelettes peut conduire à la formation d'une coquille d'urée solide autour de la goutte. Ce dernier cas peut se produire plus facilement pour de grosses gouttes avec des températures de gaz d'échappement élevés. Dans la présente étude, les modèles d'évaporation décrits dans la partie 1 ont été étendus pour prendre en compte la présence de l'urée dans l'eau. La pression de vapeur de l'Adblue est obtenue en utilisant le modèle d'activité NRTL (Non-Random-Two-liquid) [START_REF] Lefèbvre | Calcul des pressions de vapeur de mélanges eau-urée pour des températures situées entres 300 K et la température critique de l'eau par le modèle NRTL[END_REF]. Ces modèles seront décrits dans le Chapitre 4 de ce manuscrit de thèse.

En outre, il existe différent travaux expérimentaux dans la littérature pour la thermolyse d'urée [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF][START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF][START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF][START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF][START_REF] Grünwald | Verbesserung der Reduktionsmitteldispersion und verdunstung in SCR-Abgasanlagen[END_REF][START_REF] Prieto | Needle array DBD for solid urea decomposition[END_REF][START_REF] Mckinely | A Urea Decomposition Modeling Framework for SCR Systems[END_REF][START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF][START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF][START_REF] Stradella | A study of the thermal decomposition of urea, of related compounds and thiourea using DSC and TG-EGA[END_REF][START_REF] Chen | Thermal Decomposition of Urea and Urea Derivatives by Simultaneous TG/(DTA)/MS[END_REF][START_REF] Carp | Considerations on the thermal decomposition of urea[END_REF][START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. La modélisation numérique de la décomposition d'urée dans les systèmes SCR a été également menée ces dernières années [START_REF] Zanoelo | A lumped Model for Thermal Decomposition of Urea. Uncertainities Analysis and Selective Non-Catalytic Reduction of NO[END_REF][START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF]. Un analyse bibliographique fait apparaître plusieurs études sur l'évaporation et la thermolyse de gouttelettes d'UWS pulvérisées (e.g. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF][START_REF] Van Helden | Optimization of Urea Scr Denox Systems for HD Diesel Engines[END_REF][START_REF] Wurzenberger | Multi-Scale SCR Modeling, 1D Kinetic Analysis and 3D System Simulation[END_REF][START_REF] Chen | Modelling and Optimization of SCR-Exhaust Aftertreatment Systems[END_REF][START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF]). Birkhold et al. [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF] ont développé un modèle numérique 3D pour l'injection de l'Adblue. Ils ont considéré l'interaction du jet avec les flux de gaz chaud et avec les parois du tuyau d'échappement. Dans un travail complémentaire, Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] ont développé un modèle de thermolyse des particules d'urée sur la base des données expérimentales de Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF]. Dans leur travail, la décomposition thermique de l'urée a été limitée à l'urée fondue. Leur modèle mono-étape de thermolyse est basée sur l'hypothèse que l'urée est chauffée très rapidement. En outre, ils ont négligé la production de dépôts (comme la biuret, l'ammeline et l'ammelide) qui pourraîent être formés dans la ligne d'échappement à différentes températures. Dans la présente étude, un modèle pour la décomposition thermique de l'urée solide est élaboré sur la base des expériences de Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] et Schaber et al. [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. En plus de la thermolyse de l'urée, le nouveau modèle tient compte de la décomposition thermique des dépôts (Figure 3) (biuret, acid cyanurique (CYA) et ammelide) qui ont été observées expérimentalement. L'urée et ces sous-produits solides (i.e. dépôts) peuvent diminuer l'efficacité du système SCR en fonction des conditions de charge du moteur et de la configuration d'échappement utilisée [START_REF] Zheng | Investigation of Urea Deposits in Urea SCR Systems for Medium and Heavy Duty Trucks[END_REF]. Les dépôts de l'urée et de sous-produits solides peuvent créer une contrepression et une dégradation matérielle qui peut affecter négativement le fonctionnement du système SCR. Avec le modèle d'évaporation d'Adblue développé dans ce travail et le modèle de thermolyse multiétape présenté dans le Chapitre 5, la formation et la distribution de NH 3 et le dépôt d'urée et de ces sous-produits peuvent être simulés afin d'améliorer l'efficacité du système d'échappement SCR et des performances du moteur en général.

Introduction

The first part of the thesis is dedicated to the development and validation of a multi-component droplet model and a multi-component liquid film evaporation model. It contains three chapters:

In the first chapter, a new multi-component droplet evaporation model is presented. Similar to the classical models, the new droplet evaporation model uses Navier-Stokes equations for mass, momentum and energy conservation. The main features of the new multi-component droplet evaporation model are: introducing an expression of the Stephan velocity to ensure gas mass conservation and taking into account the heat flux due to the species diffusion between the gas and liquid droplets. The multi-component droplet evaporation model with real and ideal mixture hypotheses is then implemented in the IFP-C3D code and validated against the most recent experimental data of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] for single-component isolated droplet. Some multicomponent evaporation simulations are also provided and the results are discussed.

The second chapter of the thesis proposes a multi-component liquid film evaporation model with discrete approach. This model is based on the single-component liquid film evaporation model of G. Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF]. Liquid film evaporation model resolves Navier-Stokes equations for liquid and gas phases which have been already used for droplet vaporization modeling. The evaporation of droplet or liquid film consists of resolving two phase flow equations as well as satisfying the thermodynamic equilibrium condition at the liquid-gas interface. Single-component mass fraction, dynamic and thermal wall laws developed by Desoutter et al. [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] are also generalized for the multi-component model which is described in detail in Appendix D The present film evaporation model is implemented into the multi-dimensional IFP-C3D code and applied to calculate evaporation processes of single and multi-component fuel film. Differences between representing model fuels using the single and multicomponent fuel descriptions are discussed. The model is also used to simulate the film formation and evaporation of single iso-octane fuel which has been investigated experimentally by Ref. [START_REF] Maligne | GSM E1.1: Développement de nouvelles techniques de mesure pour les moteurs essence. Phase 1: Application de la RIM en configuration simplifiée, Phase 2: Evaluation de la mesure d'épaisseur par LIF en présence de combustion[END_REF].

In the third chapter, both droplet and liquid film evaporation models implemented in the IFP-C3D code are used to simulate the mixture preparation in a typical internal combustion engine. The numerical results of the models allow us to assess the contribution of the developments made during this work in the context of industrial applications.

Chapter 1

Multi-component droplet evaporation

Introduction

Droplet vaporization has intensively been investigated experimentally and numerically during the past decades. Indeed, this phenomenon is of interest to many fields of engineering applications. The detailed evaporation of multi-component droplets during the combustion of fuel sprays in automotive engines or gas turbines is a prominent example. The influence of the volatility between the numerous components of real fuels on pollutant emissions still needs to be understood. Some worthy studies have been performed on the multi-component droplet evaporation [START_REF] Ra | A vaporization model for discrete multi-component fuel sprays[END_REF][START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF][START_REF] Tamim | A Continuous Thermodynamics Model for Multicomponent Droplet Vaporization[END_REF][START_REF] Lavergne | Continuous thermodynamics for droplet vaporization: Comparison between Gamma-PDF model and QMoM[END_REF][START_REF] Laurent | Quadrature Method of Moments for Multi-component Spray Vaporization[END_REF][START_REF] Hallett | Evaporation of single droplets of ethanol-fuel oil mixtures[END_REF][START_REF] William | A simple model for the vaporization of droplets with large numbers of components[END_REF][START_REF] Cuoci | Modeling of the evaporation and combustion of jet fuel droplets under microgravity conditions[END_REF]. The modeling of multi-component fuels began with Landis and Mills [START_REF] Landis R | Effect of internal diffusion resistance on the evaporation of binary droplets[END_REF] who studied the evaporation of heptaneoctane droplet, followed by studies by Sirignano and Law [START_REF] Sirignano | Transient Heating and Liquid-Phase Mass Diffusion in Fuel Droplet Vaporization[END_REF] and Law [START_REF] Law | Recent advances in droplet vaporization and combustion[END_REF]. Multi-component droplet evaporation modeling is classified into two types, i.e., discrete multi-component model and continuous thermodynamic model.

Discrete methods describe the multi-component nature of practical engine fuels and use specific species (typically 2-15 components) to represent real fuels. In this method, (used for the evaporation of multi-component droplets [START_REF] Ra | A vaporization model for discrete multi-component fuel sprays[END_REF][START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF][START_REF] Miyagawa | Spray Vaporization Model for Multi-component Gasoline[END_REF][START_REF] Reitz | Multidimensional Computation of Multicomopent Spray Vaporisation and Combustion[END_REF]) the species concentration equation is solved for each component and the individual droplet (or generally liquid) components are tracked during the evaporation process. Although this method gives satisfying results for droplet evaporation, the cost of computation due to the solution of additional transport equations for liquids with large number of components limits this approach to liquids containing few components.

The second method is the so-called continuous multi-component fuel model. It has recently been used for multi-component droplet evaporation [START_REF] Zhu G-S | A model for high-pressure vaporization of droplets of complex liquid mixtures using continuous thermodynamics[END_REF][START_REF] Tamim | A Continuous Thermodynamics Model for Multicomponent Droplet Vaporization[END_REF][START_REF] Lavergne | Continuous thermodynamics for droplet vaporization: Comparison between Gamma-PDF model and QMoM[END_REF][START_REF] Lippert | Modeling of Multicomponent Fuels Using Continuous Distributions with Application to Droplet Evaporation and Sprays[END_REF]. The composition of the fuel liquid and vapor, and consequently the system properties, are represented and described by a continuous probability density function (PDF). This method has first been developed by Cotterman et al. [START_REF] Cotterman | Phase Equilibria for Mixtures Containing Very Many Components. Development and Application of Continuous Thermodynamics for Chemical Process Design[END_REF] for chemical field. Tamim and Hallett [START_REF] Tamim | A Continuous Thermodynamics Model for Multicomponent Droplet Vaporization[END_REF] then presented a model for the evaporation of droplets of multi-component liquids in which the mixture composition, properties and vapor-liquid equilibrium are described by the method of continuous thermodynamics using a Gamma-PDF for the species molecular weight. In this model, transport equations for the parameters (i.e. the two first moments) of the distribution function describing the mixture composition are derived and solved numerically. Although the continuous thermodynamic model for multi-component droplets evaporation seems to consume less computation time than the discrete method, its accuracy may depend on the assumed PDF choice. In addition, all the physical properties of the fuel need to be related to the molecular weight which is not always possible.

Chapter 1 Multi-component droplet evaporation 2

The multi-component droplet vaporization in internal combustion engines usually occurs at high pressure and temperature conditions. When fuel is injected at a higher temperature than its saturation temperature, the fuel is superheated and it is under supercritical condition (i.e., it is at a pressure or temperature exceeding its critical value [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF][START_REF] Bellan | Supercritical (and subcritical) fluid behavior and modeling: drops, streams, shear and mixing layers, jets and sprays[END_REF].). The supercritical droplet vaporization has been the subject of many theoretical and experimental investigations [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF][START_REF] Harstad | An all-pressure fluid drop model applied to a binary mixture: Heptane in Nitrogen[END_REF][START_REF] Zhu G-S | Transient supercritical droplet evaporation with emphasis on the effects of equation of state[END_REF][START_REF] Givler | Supercritical Droplet Vaporization and Combustion Studies[END_REF][START_REF]Bipropellant droplet combustion in the vicinity of the critical point[END_REF][START_REF]Fuel droplet burning rates at high pressures[END_REF][START_REF] Jia | High pressure droplet vaporization; effects of liquid-phase gas solubility[END_REF][START_REF] Gradinger | A zero-dimensional model for spray droplet vaporization at high pressures and temperatures[END_REF][START_REF] Zhang | Subcritical and supercritical droplet evaporation within a zero-gravity environment: Low Weber number relative motion[END_REF]. Scientists agree on the fact that under high pressure conditions, the vaporization process has many important aspects that are not adequately considered by low pressure models. As an example, the gas phase non-ideality and liquid phase solubility of gases can not be neglected for the high pressure condition. The effect of supercritical conditions on the vapor-liquid equilibrium and droplet lifetime should also be taken into account in the droplet evaporation modeling using an appropriate equation of state (EOS). In high pressure conditions, the liquid and gas phase thermo-physical properties become pressure dependent. At pressures near or above the critical pressure, the latent heat of vaporization reduces to zero and the densities of liquid and gas become equal at the droplet surface.

In the above conditions, transient effects in the gas phase become as important as those in the liquid phase, since the characteristic times for transport processes in the two phases become comparable [START_REF] Zhu G-S | Transient supercritical droplet evaporation with emphasis on the effects of equation of state[END_REF]. High pressure and temperature conditions may then lead to gas phase unsteadiness during the droplet vaporization process. The gas phase quasi-steadiness assumption, based on the argument that the gasphase transport rate is much faster than the rate at which the properties at droplet surface change due to the significant disparity between the gas and liquid densities and valid only for low pressure conditions [START_REF] Law | Recent advances in droplet vaporization and combustion[END_REF][START_REF] Givler | Supercritical Droplet Vaporization and Combustion Studies[END_REF][START_REF] Wong | Validity of droplet ignition criteria derived assuming gas-phase quasisteadiness[END_REF], underestimates the vaporization rate of droplets [START_REF] Zhu G-S | Gas-phase unsteadiness and its influence on droplet vaporization in sub-and super-critical environments[END_REF].

In situations where the droplets have a relative translational velocity with respect to the surrounding gaseous medium [START_REF] Megaridis | Internal droplet circulation induced by surface-driven rotation[END_REF], the gas flow around the droplet which leads to the shear interaction of the two phases, establishes droplet internal motion. This behavior has been studied and used for droplet evaporation modeling in the literature [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Law | Recent advances in droplet vaporization and combustion[END_REF][START_REF] Prakash | Liquid Fuel droplet heating with Internal Circulation[END_REF][START_REF] Trujillo | High-pressure multi-component liquid sprqys: departure from ideal behaviour[END_REF][START_REF] Kristyadi | Monodisperse monocomponent fuel droplet heating and evaporation[END_REF]. It is shown that the droplet internal circulation increases both heat and mass transport, which affect the evaporation process [START_REF] Megaridis | Internal droplet circulation induced by surface-driven rotation[END_REF]. However, the effect of internal circulation on the rate of mass transport for small droplets may not be significant. Indeed, conduction heat transfer inside small droplets can be neglected. In this case, the droplet thermal conductivity is assumed to be infinite and the temperature inside the droplet is spatially uniform and is equal to its surface temperature (i.e., infinite thermal conductivity hypothesis). However, this is not true for big droplets as shown by measurements of the temperature distribution inside each droplets [START_REF] Castanet | Heat and mass transfer of combusting monodisperse droplets in a linear stream[END_REF][START_REF] Maqua | Monodisperse droplet heating and evaporation: experimental study and modelling[END_REF]. Some works take into account the droplet finite thermal conductivity [START_REF] Kristyadi | Monodisperse monocomponent fuel droplet heating and evaporation[END_REF][START_REF] Bertoli | A finite conductivity model for diesel spray evaporation computations[END_REF][START_REF] Sazhin | New approaches to numerical modelling of droplet transient heating and evaporation[END_REF], in which the heat is transferred within the liquid by thermal conduction. In some recent works the finite thermal conduction model is generalized to take into account the internal circulation inside droplets [START_REF] Kristyadi | Monodisperse monocomponent fuel droplet heating and evaporation[END_REF][START_REF] Sazhin | A simplified model for bi-component droplet heating and evaporation[END_REF] using the Peclet number. This approach is called "effective thermal conduction model". The same behavior is observed for the species diffusion in liquid phase. In the case of multi-component droplets evaporation, different components evaporate at different rates, creating concentration gradients in the liquid phase which lead to liquid phase mass diffusion. This effect has been studied in the literature [START_REF] Landis R | Effect of internal diffusion resistance on the evaporation of binary droplets[END_REF][START_REF] Sazhin | A simplified model for bi-component droplet heating and evaporation[END_REF][START_REF] Sazhin | Advanced models of fuel droplet heating and evaporation[END_REF][START_REF] Maqua | Bicomponent droplets evaporation: Temperature measurements and modelling[END_REF] with a definition similar to the finite or effective thermal conduction (i.e., finite or effective diffusion). However, for multi-component droplets with close volatilities of components, this hypothesis can be simplified in to the infinite diffusion assumption.

Although numerical simulation of the mentioned phenomena has received a considerable attention in the past, few accurate experimental data are available for validation even at atmospheric pressure. Most isolated droplet evaporation experiments have been conducted with the droplet suspended on a support fiber [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF] to avoid the experimental difficulties of free-falling droplets [START_REF] Doué | Experimental and numerical study of vaporizing binary droplets[END_REF]. The support fiber (as can be seen in Figure 4(a)) has a relatively large diameter (approximately 150 µm) and increases the droplet evaporation rate due to the heat transfer through the fiber to the droplet even at low ambient temperatures. Yang & Wong [START_REF] Yang | On the discrepancies between theoretical and experimental results for microgravity droplet evaporation[END_REF] have studied the effects of heat conduction into the droplets through the fiber and the liquid-phase absorption of the radiation from the furnace wall on the evaporation rate of droplets at micro-gravity condition. They found that without considering these effects, there is a large discrepancy between their theoretical results and the experimental data of Nomura et al. [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF]. More recently, Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] studied the effects of fiber diameter and gas temperature on droplet vaporization. In their experiments, a cross micro-fiber with small diameter of 14µm is used to reduce the effect of heat conduction on the droplets evaporation rate (Figure 4(b)). To consider the effect of free convection, Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] applied both normal and micro-gravity conditions to the droplets vaporization. Most model validations in the literature (such as [START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF]) rely on the experiments with large size fibers [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Hiroyasu | Evaporation of a Single Droplet at Elevated Pressures and Temperatures : Part 1, Experimental Study[END_REF][START_REF] Morin | Droplet vaporization characteristics of vegetable oil derived biofuels at high temperatures[END_REF][START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF]. Consequently, these models usually overestimate the vaporization rate. Moreover, most previous models neglect the heat flux between the gas and the droplet due to the enthalpy transport by species diffusion during the evaporation process. In addition, for multi-component droplets, the global mass is not rigorously conserved when Fick's law is used to model the diffusion velocity for more than two species in the gas mixture. Nje-Nje [START_REF] Nje | Etude numérique de l'évaporation instationnaire d'un nuage de gouttes multicomposants[END_REF] proposed a multi-component droplet evaporation model based on the model of Abramzon & Sirignano [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF] which consideres the heat flux due to the enthalpy diffusion of species in the heat flux definition. However, he used Fick's law for determination of the diffusion velocities. As mentioned, Fick's law describes the diffusion of one species into another species (i.e. binary diffusion) and if is used for the diffusion of one species into a mixture, the global mass can not be conserved. Furthermore, a real gas equation of state (EOS) has to be used in order to take into account non-ideality effects for supercritical conditions [START_REF] Harstad | Isolated fluid oxygen drop behavior in fluid hydrogen at rocket chamber pressures[END_REF][START_REF] Harstad | Efficient high pressure state equations[END_REF]. Finally, the case of droplets vaporization under quiescent conditions (i.e. without forced convective velocity) should be considered. Indeed, the effect of natural convection on the evaporation rate may become significant in quiescent regions of complex flows. Noteworthy studies on natural convection, normal and microgravity effects have been performed by some authors [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF][START_REF] Zhang | Subcritical and supercritical droplet evaporation within a zero-gravity environment: Low Weber number relative motion[END_REF][START_REF] Chauveau | High pressure vaporization and burning of methanol droplets in reduced gravity[END_REF][START_REF] Nomura | Evaporation behavior of fuel droplet at high temperatures and high pressures under microgravity conditions[END_REF][START_REF] Gogos | Effects of gravity and ambient pressure on liquid fuel droplet evaporation[END_REF]. The natural convection effect can be presented in terms of the Grashof number, which plays the same role in natural convection than the Reynolds number in forced convection [START_REF] Incropera F | Fundamentals of Heat and Mass Transfer[END_REF]. To consider the effect of natural convection, Ranz and Marshall [START_REF] Ranz | Evaporation from drops part I[END_REF] introduced the Grashof number in Sherwood and Nusselt numbers. In the present study, the most recent correlation of Kulmala & Vesala [START_REF] Kulmala | Mass transfer from a drop-II. theoretical analysis of temperature dependent mass flux correlation[END_REF] is used for the evaluation of Sherwood and Nusselt numbers with consideration of natural convection effect.

In the following Sections, a general multi-component droplet evaporation model is proposed which takes into account a modified Stephan velocity and enthalpy diffusion of gaseous species to compute the evaporation rate. In Section 1.8, the multi-component model is simplified to the single-component case. Finally, the numerical results of a single-component isolated droplet are compared with the experimental data of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] and Yuen and Chen [START_REF] Yuen | On drag of Evaporating Liquid Droplets[END_REF]. Results for the vaporization of droplets in normal and micro-gravity environments at various temperatures are expressed as a function of droplets diameter. The effects of high pressure and fluid non-ideality on vaporization rate are also investigated in Section 1.9.2 using the real and ideal mixture EOS. The experimental data of Nomura et al. [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF] at high pressure conditions have not been used in this work. Finally, in section 1.9.3, the numerical results are compared to the experimental data of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF] and Brenn et al. [START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF] in the cases of two and five-component droplets vaporization, respectively. Droplet evaporation models are generally based on the conservation equations of mass, momentum and energy. In the basic conservation equation of species ( see Equation (1.1)), the total convective velocity includes a first component u, usually called Stephan velocity and a second component V i , called the diffusion velocity of species i. This last velocity may result from the pressure gradients (i.e., pressure diffusion), the temperature gradients (i.e., Soret effect), the external force fields (i.e., forced diffusion) and the concentration gradients (i.e., ordinary diffusion). The mass conservation equation of gas mixture is conserved by diffusive mass flux which is commonly approximated by Fick's law for binary mixtures. Although sometimes the Soret effects may be significant [START_REF] Harstad | Isolated fluid oxygen drop behavior in fluid hydrogen at rocket chamber pressures[END_REF][START_REF] Gopalkrishnan | Effects of multi-component diffusion on predicted ignition characteristics of an n-heptane diffusion flame[END_REF], it is not considered here. A general expression for the determination of the diffusion velocity is proposed by Williams [START_REF] Williams | Combustion Theory[END_REF] which is very complex and costly, especially for multi-species gas. A simplified expression for the diffusion velocity in multi-species gas has been already presented by Hirschfelder et al. [START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF] which neglects the pressure gradients and volume forces. Using Hirschfelder's law reduces the complexity of the exact resolution of diffusion velocity (V i ), but, it does not recover the mass conservation equation of the gas mixture. To overcome this problem, an additional term is suggested by some authors [START_REF] Cook | Enthalpy diffusion in multi-component flows[END_REF][START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] in order to ensure gas mass conservation equation. Similarly, a modified Stephan velocity which ensures the mass conservation of gas mixture is derived below for the droplets vaporization modeling considering Hirschfelder's law. The model uses spherical droplet hypothesis with no interaction between droplets. The effects of radiation, Soret and Dufour are neglected and there is no chemical reaction in the gaseous environment. The one-third rule is used for the properties of the gaseous mixture in the film region around the droplet [START_REF] Hubbard | Droplet evaporation: Effects of transients and variable properties[END_REF]. Gas phase quasi-steadiness and isobaric assumptions are applied to the model. In fact, gas-phase unsteadiness may exist during the early period of the vaporization process; however, for droplets with high initial temperatures, the gasphase quasi-steadiness assumption can be applied. The discrete fluid approach is used for multicomponent droplet, which resolves the continuity equation for all droplet components. The droplet temperature is assumed to be uniform during the evaporation process (i.e., the infinite thermal conductivity assumption is invoked). The last hypothesis gives an average temperature in the droplet which is different from the real surface temperature. Some methods have been presented to evaluate the temperature profile in droplets [START_REF] Sazhin | Advanced models of fuel droplet heating and evaporation[END_REF][START_REF] Sazhin | Models for fuel droplet heating and evaporation: Comparative analysis[END_REF]. Nevertheless, temperature uniformity is a reasonable assumption, at least for big well mixed droplets or small droplets for which the heating period is short. In this work, an infinite species diffusivity assumption is used inside the droplet (i.e., there is no liquid component mass fraction profile inside the droplet) while the species mass fraction is time dependent.

The resulting governing equations for the model consist of the two phase flow equations for the gas and liquid phases along with the thermodynamic equilibrium condition at the liquid-gas interface.

Gas phase governing equations

The mass fraction conservation equation of the species is expressed as
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where u and ρ g are the velocity and mass density of the gas mixture in the film region around the drop (Figure 5) and Y i and V i are the mass fraction and diffusion velocity of species i respectively. Summation of Equation (1.1) over all gas species N gives the mass conservation equation:
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The internal energy conservation equation for the gas phase is:
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where : u   represents the heat production due to the shear stress  , and . Pu  is the compressibility effect. These two terms are neglected in the present model. J represents the heat flux vector. It includes the contributions due to heat conduction and enthalpy diffusion and may be written as follows: ()
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where λ g is the thermal conduction coefficient of the gas mixture in the film region (Figure 5) and h i the specific enthalpy of species i at the gas temperature T. 

Liquid phase balance equation

As discussed above, droplet surface temperature is assumed to be equal to the mean temperature of the droplet (T s =T d ). The energy conservation equation for the two phase system consisting of the droplet and the surrounding gas mixture gives the change of liquid droplet energy as:

d d pf l dT m C Q dt  (1.5)
where m d is the droplet mass, C pf is the specific heat of liquid at constant pressure, T d is the temperature of the droplet and l Q (J.s -1 ) is the heat penetrating into the liquid phase. According to Figure 6, the energy balance at the liquid surface could be written as:

g v l l Q Mh Q Mh    (1.6)
where g Q (J.s -1 ) is the heat flux from the gas to the liquid (Q g = J.A), and A is the droplet surface area.

M (kg.s -1 ) is the total evaporation mass flow rate which has a positive sign. v h (J.kg -1 ) and l h (J.kg -1 ) are the enthalpy of liquid mixture in vapor and liquid phases respectively. These enthalpies are calculated with the real expression of enthalpy (J.mol -1 ) over molecular mass (kg. mol -1 ). Equation (1.6) could be written in more familiar form as follows:
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where , vg L (J.kg -1 ) is the latent heat of the evaporated species mixture. When real gas EOS is applied to the gas mixture, , vg L will be a function of (P, T). However, , vg L is only a function of temperature in case of ideal mixture assumption. 

Vapor-Liquid Equilibrium

The evaporation of droplet consists of resolving two phase flow equations as well as satisfying the thermodynamic equilibrium condition at the liquid-gas interface. This equilibrium is based on the assumption that at the liquid-gas interface, the chemical potential for liquid and gas phases are equal for each species i. At low pressure conditions, ideal mixture hypothesis with the ideal mixture EOS seems to be a good assumption. In this condition, the ideal solution could be said to follow the Raoult's law [START_REF] Reid R | The properties of gases and liquids[END_REF] (see Appendix B). However, at high pressure conditions and particularly in supercritical conditions, the gaseous species do not follow the ideal gas behavior and the effects of parameters like the transport and physical properties variation, the gas solubility increase into the liquid phase and the thermodynamics' non-ideality should be taken into account for the liquid-vapor equilibrium. The non-ideality of a gas may be expressed by the compressibility factor (Z) which is defined as:

PV Z RT  (1.8)
Figure 7 illustrates the compressibility factor of pure Methane at different reduced pressure and temperatures [START_REF]Modified Law of Corresponding States for Real Gases[END_REF]. The value of Z=1 represents the ideal mixture, while the value of Z<1 shows that the attractive force dominates in the system. This case happens at pressures and temperatures near the critical values. Since the compressibility factor increases (Z>1), the repulsive force will be dominant (high pressures and temperatures in Figure 7). As can be seen in Figure 7, the deviations from the ideal solution Z=1 could not be neglected in some cases. The non-ideality of fuel in high pressure conditions was already investigated by some authors [START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF][START_REF] Curtis | A New High Pressure Droplet Vaporization Model for Diesel Engine Modeling[END_REF][START_REF] Trujillo | High-pressure multi-component liquid sprqys: departure from ideal behaviour[END_REF][START_REF] Hervé Leborgne | Modelisation de l'evaporation a haute pression de gouttes multicomposants dans le code KIVA II[END_REF] for droplet evaporation in engine operating conditions. Different engine performance zones are shown in In this work, both ideal and real gases EOS are evaluated. They are used especially to determine the mass fraction of gas species at droplets surface as well as latent heat of vaporization. The complete procedure is presented in Appendix B using the well-known Peng-Robinson (PR) cubic EOS [START_REF] Peng | A New Two-constant Equation of State[END_REF].

Mass flow rate

Based on the previous works, some authors [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF] have considered the gaseous boundary layer around the droplet to evaluate heat and mass fluxes. These models give the instantaneous droplet vaporization rate from the integration of the quasi-steady species balance around the droplet. By definition [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF], the diffusion velocity in Equation (1.1) has to obey the following constraint:
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Furthermore, the sum of mass fractions must be unity:
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Considering Equations (1.1) and (1.10), there are N unknowns (Y i ) with N+1 equations. Thus, the system is over determined. However, if all species of Equation (1.1) are added and the identity of Equation (1.9) is used, the mass conservation equation (Equation (1.2)) is recovered:
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Solving the above equation with the general diffusion velocity is too complex and most codes use Hirschfelder's law [START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF][START_REF] Giovangigli | Multicomponent Flow Modeling[END_REF] in the following form:
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where X is the mole fraction of species i and D ig the diffusion coefficient of species i into the gas mixture. In the present study, the above Hirschfelder's law will be used in the form of mass fraction to be compatible with the model. Using the following relation between the mole fraction and mass fraction of species i :

ii i W XY W  (1.13)
the Hirschfelder's law may be written using the mass fraction gradient of species i as:
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The procedure of obtaining Equation (1.14) is given in Appendix C. Using the Hirschfelder's law, the summation of Equation (1.1) over the N gaseous species gives the global mass conservation equation as:
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where the right hand side of the above equation is not zero, unless the diffusion coefficients D ig are assumed to have the same value for all species (this is the case of the KIVA code [START_REF] Amsden | Kiva-II: A Computer Program for Chemically reactive Flows with Sprays[END_REF] for instance). Thus, the global mass conservation may not be ensured. One method to implement Hirschfelder's law with different diffusion coefficients while maintaining global mass conservation is to add a correction velocity u c [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] to the absolute velocity in the species Equation (1.1):
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If all species equations are summed, the mass conservation equation must be recovered:
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Assuming quasi-steady evaporation and integrating Equation (1.17) for liquid species leads to the mean droplet vaporization rate: 
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In the above equation, N l is the total number of liquid components, Y i s and Y i ∞ are the mass fraction of component i at the droplet surface and at infinity, respectively. The dimensionless Sherwood number is defined as the mass fraction gradient at the droplet surface over the average mass fraction gradient:
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To consider the effect of natural convection due to volume forces such as gravity, in this study, we assumed the following relation for the Sherwood number: 
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where, V rel is the relative velocity between the gas and droplet, μ i,g , ρ i,g and D i,g are the dynamic viscosity, partial density and binary diffusion coefficient of species i in the gas mixture of the film region, g 0 is the gravity acceleration, T ∞ and i   are the gas mixture temperature and kinematic viscosity of species i at infinity, T d is the droplet temperature and Gr i , Re i and Sc i are the Grashof, Reynolds and Schmidt numbers of species i respectively. In this work, the Sherwood number has different values for different components. The physical parameters in the film region (with index g) are evaluated at the reference temperature [START_REF] Hubbard | Droplet evaporation: Effects of transients and variable properties[END_REF]:
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where A r is the averaging parameter. For the one-third rule: A r =1/3. Equation (1.26) is the Kulmala-Vesala correlation [START_REF] Kulmala | Mass transfer from a drop-II. theoretical analysis of temperature dependent mass flux correlation[END_REF] where the Grashof number is introduced. Summation of Equation (1.24) over all liquid components, gives the total mass evaporation rate:
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Consequently, from the above Equation (1.31) and Equation (1.19), the Stephan velocity is given as:
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The total mass evaporation rate could also be obtained from the combination of internal energy conservation equation of gas mixture (Equation (1.3)) with Equation (1.19). This approach needs an implicit method that is more difficult and costly.

Gaseous heat flux

During the evaporation process of a droplet, the internal energy of the surrounding gas changes simultaneously to its composition. The heat flux in the gas phase comprises three contributions. The first one is the thermal conduction flux usually modeled by a Fourier law; the second contribution is associated with compositional changes resulting from species diffusion; and the third contribution is the Dufour effect which is related to concentration gradients [START_REF] Ramshaw | Fluid dynamics and energetics in ideal gas mixtures[END_REF][START_REF] Bird R | Transport Phenomena[END_REF]. Although the Dufour effect [START_REF] Harstad | An all-pressure fluid drop model applied to a binary mixture: Heptane in Nitrogen[END_REF][START_REF] Harstad | Isolated fluid oxygen drop behavior in fluid hydrogen at rocket chamber pressures[END_REF] and enthalpy diffusion [START_REF] Ra | A vaporization model for discrete multi-component fuel sprays[END_REF] have been shown to be significant, most of the droplet vaporization models in the literature [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF] assumed the heat flux only due to the first contribution thermal conduction. Droplet evaporation models which do not have an appropriate estimation for the heat flux, can lead to anomalous temperature gradients and to an over/under-estimation in the droplet evaporation rate. It is shown that Navier-Stokes solvers which incorporate enthalpy diffusion can provide much more accurate results than without considering this term [START_REF] Cook | Enthalpy diffusion in multi-component flows[END_REF]. Similarly, the Dufour effect has been neglected in this study. In this case, the heat flux from the gas to the droplet is then assumed to be the sum of the two first contributions where the (Y i V i ) term in Equation (1.4) is given by Equation (1.14). Hence, Equation (1.4) could be rewritten in the more useful form as:
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where Nu is the dimensionless Nusselt number defined as: Similarly to the Sherwood number, the following correlation is used for the Nusselt number [START_REF] Kulmala | Mass transfer from a drop-II. theoretical analysis of temperature dependent mass flux correlation[END_REF]: and C pg is the specific heat of the gas mixture in the film region at constant pressure.

      1/ 2 1/
An iterative method is needed for the implicit procedure of calculating the mass flow rate, droplet temperature and composition of the liquid and gas mixtures at the liquid-gas interface and also in the liquid phase. In this work, a Newton iterative method has been used. A typical iteration is described as follows: From the thermodynamic equilibrium condition (Equation (9.3) for real gas model and Equation (9.19) for ideal gas model) and with the initial temperature and composition of the mixture, one can determine the species mass fraction in the liquid and gas phases. The physical and transport properties of the liquid and the gas can be obtained from the estimation techniques and mixing rule as recommended by Reid et al. [START_REF] Reid R | The properties of gases and liquids[END_REF] (see Appendix A). From Equations (1.31) and (1.33) one can obtain the total evaporation mass flow rate and the heat flux from the gas phase to the droplet. The enthalpy balance at the liquid-gas interface (Equation (1.7)) gives the new droplet temperature. The variation of droplet radius is evaluated using the droplet mass n d m . The new droplet radius (exponent n+1) is obtained by mass conservation: where ∆t is the time step and ρ l is the droplet mass density which is assumed to be constant in each time step. However, the mass density change of the droplet with the temperature is taken into account using the Rackett correlation [START_REF] Reid R | The properties of gases and liquids[END_REF]. The flowchart of the droplet evaporation model is given in Figure 9. When droplet and gas are composed of just one component (one-component in droplet and one species in gas), the corrected velocity, Equation (1.18), will become zero. Hence, the expression for the mass flow rate (Equation (1.23)) reduces to the following simplified form:
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In addition, for the above binary mixture (for instance: n-heptane (1) and Nitrogen (2)) one has: 
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where the numerator and denomerator of the above equation represent the Spalding number:
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In addition, integrating Equation (1.16), one may obtain the following well-known expression for mass flow rate used in the literature [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Amsden | Kiva-II: A Computer Program for Chemically reactive Flows with Sprays[END_REF][START_REF] Atthasit | Influence of droplet concentration on the dynamics and evaporation of a monodisperse stream of droplets in evaporation regime[END_REF]:
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From Equation (1.33), the following expression for the heat flux can be obtained:
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where h g (J.kg -1 ) is the specific enthalpy of the vapor at T ref . Although for the binary-component evaporation (one droplet component and one gas species), similar mass evaporation rate as the model of Abramzon & Sirignano is obtained (Equation (1.43)), there are still some differences between their single-component model and the proposed model in this chapter. The main differences arise from the differences in heat flux (Equation (1.44)) and diffusion coefficient definitions in the models.

Model validation

The multi-component droplet evaporation model presented above has been implemented in IFP-C3D code [START_REF] Bohbot | IFP-C3D: an Unstructured Parallel Solver for Reactive Compressible Gas Flow with Spray[END_REF] already including the Abramzon and Sirignano droplet evaporation model [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF] (referred to subsequently as AS-1989). This single-component model does not contain the enthalpy diffusion of species in the heat flux definition. When this model (AS-1989) is used for multi-component mixture, even for single-component fuel, the diffusion velocity is obtained by Fick's law. In the following section, the results of the new model are compared with the results of AS-1989 for single and multicomponent isolated droplet.

Single-component isolated droplet

As discussed previously in the introduction of this chapter, there are few experiments that could be used for the validation of the new evaporation model. In this section, we apply the new model to a single-component isolated droplet in order to compare the numerical results with the most accurate vaporization experiments obtained recently by Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF]. The results of the new model are also compared with the numerical results of the model of Abramzon and Sirignano [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF]. An isolated single-component droplet with an initial diameter of 400 μm is placed at the center of a large cube with the dimension of 1.5×1.5×1.5 m 3 in order to avoid numerical border effects. A uniform mesh of 3×3×3 cells is used. There is no air flow in the cube and the calculation is performed at atmospheric pressure with several ambient temperatures. Table 1 presents the different cases studied in this work. The droplet vaporization phenomenon consists of two main periods; the heating-up period when heat transfer increases the droplet temperature, and the vaporization period, when the heat transfer from the gas to the droplet is dedicated to the evaporation of the liquid. In the experiment of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF], the droplet was initially at room temperature. However, the droplet surface regression is recorded while it is already heated during the placement of the droplet inside the heating chamber (i.e furnace). Thus, the exact initial temperature of the droplet, T 0 , is unknown at the beginning of the measurement procedure. Figure 10 illustrates the numerical result of variations of squared dimensionless droplet diameters with time for several initial droplet temperatures. According to this figure, it is shown that T 0 is proportional to the ambient gas temperature T ∞ . As shown in Table 1, at low gas temperature (T ∞ = 473 K), T 0 seems to be unaffected by the heater. However, T 0 reaches a temperature up to 340 K when the ambient temperature is 973 K. Furthermore, it is important to notice that the evaporation rate is identical for all curves depicted in Figure 10 with different T 0 , and is very close to the experimental results. These numerical results may also indicate that the temperature uniformity inside the droplet may be considered as an acceptable assumption especially for high T 0 values. The results of the single-component droplet evaporation are presented in Figure 11 for n-heptane and in Figure 12 for n-decane droplet for different gas temperatures given in Table 1 at normal gravity condition. As discussed at the beginning of this chapter, the differences between the experimental data of Nomura et al. [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF] and Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] (Figure 11 (a) and (b)) are mainly due to the heat transfer through the fiber to the droplet in the experiments of Nomura et al. [START_REF] Nomura | Experimental study on highpressure droplet evaporation using microgravity conditions[END_REF]. According to Figure 11 and Figure 12, results of the new model are much closer to the experimental results of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] than the results of the AS-1989 model (Abramzon and Sirignano [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF]). In fact, the new Stephan velocity (Equation (1.32)) and the enthalpy diffusion in Equation (1.4) seem to be two crucial features for the evaporation rate and heat flux from the gas to the liquid. Also, the results show that at atmospheric pressure and regardless of the evaporation models, both ideal and real gas assumptions present a similar behavior. Indeed, the temperature variation (as can be seen in Figure 11 for n-heptane and in Figure 12 for n-decane droplets) leads to a similar behavior for both real and ideal gas models. Because of the low computational time of the ideal gas model compared to the real gas model, it is a good approximation for the thermodynamic equilibrium condition at low pressures for the range of gas temperature used in this work. However, the deviation from ideality may be important for very cold conditions as can be seen in Figure 13. In Figure 13, dimensionless squared droplet diameter as well as droplet temperature are depicted for equal gas and initial droplet temperatures of 273 K, 263 K and 253 K. According to Figure 13(a), ideal gas model evaporates faster than real gas model. However, as the temperature decreases, the ideal and real gas models show different behavior. Faster evaporation with real gas model is observed at very low temperatures (i.e., 263 K and 253 K in Figure 13(c) and (e)). Droplet temperature for different gas temperatures and for both ideal and real gad models are depicted in Figure 13(b),(d) and (f). It is shown that the droplet temperature decreases and in the entire life of the droplet, its value remains lower than the initial droplet temperature. Comparing the ideal and real gas models, it is also concluded that when the droplet evaporation rate of ideal gas model is higher/lower than real gas model, its droplet temperature is lower/higher than that of real gas model. In fact, energy balance at the droplet surface is affected by the latent heat of vaporization which is calculated in different ways for ideal and real gas models. Droplet temperature, which is calculated from the energy balance at the droplet surface, and then mass evaporation rate have different values for ideal and real gas models at very low temperatures. Higher evaporation rates lead to lower droplet temperatures. This behavior is observed at very low temperatures shown in Figure 13.

Under micro-gravity conditions, natural convection effects are eliminated. Figure 14 shows the vaporization rate constant K, which is introduced as 2 ( ) / dt  , as a function of the gas ambient temperature under micro-gravity conditions. As can be seen in this Figure, the vaporization rate K has a quasi-linear evolution with gas temperatures. In addition, the new model has closer numerical results to the experiments than the AS-1989 model. The numerical results for both the normal and microgravity conditions are compared in Figure 15 for two different gas temperatures. At the normal gravity condition, the droplet is deformed during its lifetime due to the buoyancy force and non-spherical evaporation. The buoyancy force increases the evaporation rate for both ambient temperatures. The differences between the two conditions are more obvious in the vaporization period rather than the droplet heating-up period as shown in Figure 15. Temperature evolution for n-heptane and n-decane droplets is illustrated in Figure 16. This temperature represents the average temperature of the droplet which increases from the initial value up to a constant called the wet-bulb temperature. Indeed, as for the surface droplet regression curves, two different periods could be distinguished: the heating period, when the temperature of the droplet increases, and the evaporation period, when the droplet temperature has reached the wet-bulb temperature. According to Figure 16, the droplet temperature is always smaller than the saturation temperature of the liquid even at gas temperature super-critical conditions (Figure 16 (a)). The wetbulb temperatures obtained at different gas temperatures and at atmospheric pressure are shown in Figure 17 for n-heptane droplet. These numerical results are compared with the experimental data of Yuen and Chen [START_REF] Yuen | On drag of Evaporating Liquid Droplets[END_REF] for normal gravity condition. They have a similar behavior since the wet-bulb temperatures obtained from the new model are very close to the experimental data. Indeed, the maximum deviation from the experimental results is less than 2%. c) shows the heat fluxes in the gas and liquid phases. The heat fluxes due to conduction and enthalpy diffusion of species have not the same behavior in the heating-up period. Indeed, the heat flux due to conduction decreases as the droplet temperature increases, whilst the enthalpy diffusion of species increases as the surface mass fraction of liquid increases. Since the temperature of the droplet reaches a constant value (at the beginning of the vaporization period), there is no more heat flux inside the droplet. In this situation, the heat flux from the gas to the liquid, which is dedicated to vaporize the droplet, begins to reduce gradually due to the reduction of both conduction heat flux and heat flux due to the enthalpy diffusion of species. According to Figure 18 (b) and (c), in the vaporization period, the conduction, the enthalpy diffusion and consequently the total gas heat flux decrease due to the decrease in droplet surface area. ). The droplet initial diameter is 400 µm. ).

The instantaneous mass evaporation rate for n-heptane and n-decane droplets at different ambient temperatures and at atmospheric pressure is illustrated in Figure 20. The mass evaporation rate first increases during the heating-up period, when the temperature of the droplet (Figure 16) as well as the mass fraction of liquid at the droplet surface (Figure 18 (b) and (c)) increase, and then decreases (since the mass fraction and temperature gradients are constant) due to the decrease in droplet surface area. ). The droplet initial diameter is 400 µm. ).

Finally, a sensitivity study on the effect of the averaging parameter A r in Equation (1.30) on the evaporation rate has been conducted. Two values of A r (A r =1/2 and A r =1/3) have been tested using nheptane droplets. The numerical results are shown in Figure 21 (a) and (b) in terms of evaporation rates and in Figure 21 (c) and (d) in terms of droplet temperatures. For the high gas temperature case, closer evaporation rate to experiment is obtained when the one-third rule A r =1/3 is used for determination of properties of gaseous mixture in the film region around the droplet. At low ambient temperature, the difference between the numerical results obtained using A r =1/2 and A r =1/3 is small.

Numerical study of pressure effects on droplet evaporation

Ambient pressure is an important parameter which determines the degree of mixture ideality. In fact, there is no exact criterion for the supercritical condition. However, according to classical thermodynamic theory, a fluid is in a supercritical state when it is at a pressure or temperature exceeding its critical value [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF][START_REF] Bellan | Supercritical (and subcritical) fluid behavior and modeling: drops, streams, shear and mixing layers, jets and sprays[END_REF]. Hence, one can invoke the supercritical condition for a single physical property (Temperature or Pressure). This means that the supercritical temperature could be achieved at low pressure conditions. In this work, the effects of ambient pressure on n-heptane droplet vaporization are investigated numerically at sub/super-critical conditions using both ideal and real gas models. The results are presented in Figure 22 for two ambient temperatures of 473 K and 973 K and for different pressures. In this Figure, P r is the reduced pressure (P r = P / P c ). It appears that the ideal gas model is more sensitive to the pressure variations than the real gas model especially at very high ambient pressures. Comparison of Figure 22 (a) and (b) shows that the real gas model evaporates the droplet more rapidly. In addition, one can observe that at super-critical pressure conditions, there is a large difference between the real and ideal gas models prediction. In these conditions, the non-ideality of the fluid becomes significant. At low or sub-critical pressure conditions, the deviation from ideality remains small. An investigation of the effect of ambient pressure on the droplet temperature is shown in Figure 22 (c) and (d) for sub and super-critical ambient temperatures respectively. To satisfy the equilibrium conditions in the ideal gas model, the droplet temperature at supercritical ambient pressures tends to be higher than in the real gas model. This behavior has also been discussed by Givler and Abraham [START_REF] Givler | Supercritical Droplet Vaporization and Combustion Studies[END_REF]. As shown in Figure 22 (d), at super-critical pressures, the temperature of the droplet reaches the critical temperature of the liquid in the ideal gas model. In fact, this numerical limitation is applied to the model to avoid the temperature of the droplet to be higher than the critical temperature of the liquid. The temperature limitation is different for the real gas model. As illustrated in Figure 23, liquid temperature for the real gas model is limited by the dew point line in the phase envelope diagrams. The phase envelope diagram depends on the composition of the mixture which changes at each time step. In other words, there is not a unique phase envelope diagram for the entire droplet life time. In Figure 23, phase envelope diagrams have been drawn for four different cases (see Table 2). The mole fractions of each component and the wet-bulb temperatures (given in Table 2) are obtained at the end of droplet life time. According to Figure 23, the dew point and consequently the wet-bulb temperature of the droplet increase as the pressure increases (from 2 to 10 MPa). Still, increasing the pressure from 10 to 15 MPa causes a reduction in the dew point and subsequently the wet-bulb temperature at 15MPa. This phenomenon is in accordance with the droplet temperature curves presented in Figure 22 (d). This numerical study leads to the conclusion that at high pressure and/or low temperature conditions, a real gas model seems to be necessary for droplet evaporation. However, this conclusion needs to be confirmed using future experiments. 

Multi-component isolated droplet

To evaluate its accuracy for multi-component liquids, the model is also applied to the experiment of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF], evaporating a two-component droplet made up of a mixture of n-heptane and n-decane in nitrogen environment at a temperature of 293 K and a pressure of 0.1 MPa. In the experiment of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF], the droplet is suspended on a vertical quartz fiber with 0.2 mm diameter and the temperature of the drop is initially of 293 K. Although the experiments of Birouk have been obtained using a thick quartz fiber, they seem to be sufficiently accurate at such low ambient temperature (293 K). The numerical results obtained for the stagnant condition are presented in Figure 24. A classical distillation is obtained. In the numerical results, the most volatile component (n-heptane) is first completely depleted, followed by n-decane evaporation. Indeed, in Figure 24 the numerical results show that the evaporation of n-decane starts later than in the experiment. To explain this behavior, we have introduced a virtual diameter d n-decane which is proportional to the initial volume fraction of ndecane  n-decane in the droplet. In Figure 24 (a), the value of  n-decane = 0.3 leads to a virtual diameter for n-decane d n-decane =0.669d 0 and (d n-decane /d 0 ) 2 ≈ 0.45. Hence, n-decane should evaporate alone as a single-component, at least when (d/d 0 ) 2 reaches the value of 0.45. Actually, n-decane begins to evaporate in the same time as n-heptane (at the beginning of the evaporation process) with less evaporation rate which causes a reduction of the virtual diameter d n-decane . Thus, the evaporation of ndecane should begin at (d/d 0 ) 2 <0.45. This behavior is well represented in Figure 24 (a) as well as in Figure 24 (b) for the numerical model. This reasoning leads to the conclusion that the initial volume fraction of n-decane in droplets was probably overestimated by Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF] in their experiments. A probable scenario may be that a certain fraction of n-heptane was already evaporated before the beginning of the measurement procedure of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF]. Reconsidering Figure 24 (a) with a new initial composition of liquid mixture (65% n-heptane) in the numerical calculation shows closer behavior between the numerical results and experimental data. The second point that has to be discussed here concerns the evaporation rate of n-heptane component. The results of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF] shows faster evaporation of the first component (n-heptane) which is due to the effects of heat conduction through the fiber. As can be seen in Figure 24 (c), droplet temperature decreases at the beginning of evaporation process and then increases to the ambient temperature. In the first part of the temperature curve (part 1: which mostly corresponds to the evaporation of n-heptane), the differences between the droplet temperature and ambient temperature cause the heat flux through the fiber to be important. Since the second component (n-decane) starts to evaporate alone, there is not a significant temperature difference between the droplet and the ambient gas. Thus, the effect of conduction heat flux through the fiber is negligible in part 2 (Figure 24(c)). This explains why the slopes of the experimental and numerical curves in the second part of Figure 24 (a) are identical.

A second multi-component test case was performed, based on the experimental data of Brenn et al. [START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF] for multi-component biofuel droplets. The numerical results of five-component droplet evaporation with initial diameter of 1.72 mm, obtained for an acoustically levitated droplet, are depicted in Figure 25. In this case, atmospheric pressure condition with ambient air temperature of 304 K and a relative humidity of 2% are applied.

Figure 25 reveals a good agreement between the computational results and the experimental data. The numerical results shown in Figure 25 are obtained using the ideal mixture EOS at the liquid-gas interface (Raoult's law [START_REF] Reid R | The properties of gases and liquids[END_REF] and Appendix B). However, to satisfy the thermodynamic equilibrium condition for oxygenated hydrocarbons (like methanol, ethanol and 1-butanol), an appropriate EOS like cubic plus association (CPA) (Refs. [START_REF] De | Application to Petroleum Engineering of Statistical Thermodynamics-Based Equations of State[END_REF][START_REF] Chapman | New Reference Equation of State for Associating Liquids[END_REF][START_REF] Kontogeorgis | Ten Years with the CPA (Cubic-Plus-Association) Equation of State. Part 1. Pure Compounds and Self-Associating Systems[END_REF][START_REF] Kontogeorgis | Ten Years with the CPA (Cubic-Plus-Association) Equation of State. Part 2. Cross-Associating and Multicomponent Systems[END_REF][START_REF] Lugo R | A Compositional Representative Fuel Model for Biofuels -Application to Diesel Engine Modelling[END_REF]) should be used in order to improve the present model. 

Conclusions

A new multi-component droplet evaporation model has been proposed in this chapter [START_REF] Ebrahimian | Towards a predictive evaporation model for multicomponent hydrocarbon droplets at all pressure conditions[END_REF]. It is based on a new Stephan velocity which recovers the mass conservation equation when Hirschfelder's law is used for the diffusion velocity. In addition, the heat flux is assumed to be the summation of heat conduction and enthalpy diffusion of species. Enthalpy diffusion accounts for energy changes associated with compositional changes resulting from species diffusion. The following conclusions are made:

 The numerical results of the new model are in very good agreement with the experimental data of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF] at atmospheric pressure.  The numerical results have shown that the heat flux due to the enthalpy diffusion of species could not be neglected in comparison to the conduction heat flux.  Infinite thermal conductivity assumption inside the droplet which has been invoked in this study gives acceptable results compared to the experimental data of Chauveau et al. [START_REF] Chauveau | An experimental study on the droplet vaporization: effects of heat conduction through the support fiber[END_REF].  The results show that the gravity and consequently, natural convection affects the evaporation rate of droplets situated in quiescent conditions.  A sensitivity study on the choice of the averaging parameter has shown that more satisfying results are obtained with the one-third rule (A r = 1/3) at sub and super-critical ambient temperatures.  At low pressure conditions, the ideal gas model could be a good assumption for the droplet vaporization in the range of gas temperatures used in this study. However, at high pressure and/or low temperature conditions, there is a large difference between the real and ideal gas models. This leads to the conclusion that at high pressure conditions, a real gas model that could better represent the thermodynamic equilibrium condition is needed.  The multi-component droplet vaporization model has been applied to a two-component droplet (n-heptane/n-decane) test case. The numerical results are compared with the experimental data of Birouk [START_REF] Birouk | Influence de la turbulence homogène et isotrope sur la vaporisation et la combustion de gouttes de combustibles liquides[END_REF]. It is shown that in both numerical model and experiments, the n-decane (the less volatile component) evaporates with the same evaporation rate. However, this could not be obtained in the evaporation of n-heptane (the most volatile) component. It has been shown that the disagreement may be due to the heat flux through the fiber.  In order to use the present model for biofuels containing oxygenated hydrocarbons, development of vapor-liquid equilibrium with an appropriate EOS is needed. In this case, the activity coefficient may have important effect on the evaporation process.  The proposed model is applied to hydrocarbon droplets. For urea-water solution (UWS) used in SCR systems, vapor-liquid equilibrium with appropriate activity coefficients is also needed. This model is developed in Part 2 of this manuscript.

Chapter 2

Multi-component liquid film evaporation

Introduction

Liquid film evaporation is important phenomenon in internal combustion engines (Diesel and gasoline). Since the spray is directly injected into the combustion chamber, some droplets may hit the cylinder wall and form a thin liquid film. Liquid film formation and evolution have significant effects on engine hydrocarbon (HC) and soot emissions, due to incomplete liquid film evaporation especially at cold start conditions [146][START_REF] Shin | Liquid Gasoline Behavior in the Engine Cylinder of an SI Engine[END_REF][START_REF] Gallopoulus | Bridging the Present to the Future in Personal Transportation -The Role of Internal Combustion Engines[END_REF]. Therefore, studying film formation and evaporation in turbulent gas flow conditions is of great practical significance.

The evaporation of liquid film of complex mixtures, containing hundreds of components, is frequently encountered in engineering, particularly in combustors and engines burning commercial petroleum fuels. Lumping together all species into a single fuel model is a simplified way to use single-component evaporation models in order to reduce the computational time [START_REF] Habchi | Influence of the Wall Temperature on the Mixture Preparation in DI Gasoline Engines[END_REF][START_REF] Habchi | Formulation of a onecomponent fuel lumping model to assess the effects of fuel thermodynamic properties on internal combustion engine mixture preparation and combustion[END_REF]. However, this approach may lead to important uncertainty in the numerical results, especially in cold start engine conditions for instance [START_REF] Perrin | Analysis of Combustion Process in Cold Operation with a Low Compression Ratio Diesel Engine[END_REF][START_REF] Walter | Cold Operation with Optical and Numerical Investigations on a Low Compression Ratio Diesel Engine[END_REF]. Indeed, in this case the most volatile fraction of the fuel evaporates first and plays an important role in the initial ignition. However, this distillation process cannot be simulated using a single-component fuel model.

Experimental and numerical liquid film evaporation studies have been performed in the past few decades [START_REF] Mcbain | Evaporation from an open cylinder[END_REF][START_REF] Beverley | Evaporation rates of structured and non-structured liquid mixtures[END_REF][START_REF] Pursell | Evaporation rates of pure hydrocarbon liquids under the influences of natural convection and diffusion[END_REF][START_REF] Pauken | An experimental investigation of combined turbulent free and forced evaporation[END_REF][START_REF] Himmelsbach | Experimental and numerical studies of evaporating wavy fuel films in turbulent air flow[END_REF][START_REF] Gerendas | Experimental and numerical investigation on the evaporation of shear-driven multicomponent liquid wall films[END_REF][START_REF] Brighton | Further verification of a theory for mass and heat transfer from evaporating pools[END_REF][START_REF] Chebbi R | Evaporation of complex and pure components liquid hydrocarbon mixtures[END_REF]. Indeed, this phenomenon is of interest for many scientific fields and engineering applications. The evaporation of multi-component liquid film during the combustion of fuel sprays in automotive engines or gas turbines is a prominent example. The influence of the volatility between the numerous components of practical fuels on pollutant emissions still needs to be understood. Although numerical simulation of the mentioned phenomena has received a considerable attention in the past, few experimental data are available for the validation of the liquid film evaporation model even at atmospheric pressure. The lack of experimental data for multi-component film evaporation (especially in combustion chamber where the influences of some phenomena like turbulence and gas non-ideality on the film evaporation should be taken into account) makes it difficult to validate numerical models. Many multi-dimensional numerical models of single-component liquid film have been developed by Stanton and Rutland [32,[START_REF] Stanton | Influence of Spray-Wall Interaction and Fuel Films on Cold Starting in Direct Injection Diesel Engines[END_REF], Bai and Gosman [START_REF] Bai | Mathematical Modeling of Wall Films Formed by Impinging Sprays[END_REF], Foucart et al. [START_REF] Foucart | Modélisation tridimensionnelle des films liquides pariétaux dans les moteurs à combustion interne[END_REF][START_REF] Foucart | Development of a Three Dimensional Model of Wall Fuel Liquid Film for Internal Combustion Engines[END_REF], Han and Xu [START_REF] Han | Wall Film Dynamics Modeling for impinging sprays in Engines[END_REF], O'Rourke and Amsden [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF][START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF] (referred to subsequently as OA) and Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] (referred to subsequently as GD). The first three models describe the dynamics of the liquid by an Eulerian approach whereas the models of GD and OA adopt a Lagrangian particle tracking method. The particle method represents the film mass by a group of particles or parcels and solves the film particle movement using the Lagrangian description of motion. Bai and Gosman [START_REF] Bai | Mathematical Modeling of Wall Films Formed by Impinging Sprays[END_REF] developed a model to evaluate the evaporation rate using semi-empirical correlations involving the mass transfer coefficient and the Sherwood number. Generally, liquid film evaporation models are based on an energy balance at the interface using the film surface values of temperature and mass fractions. When the film is being heated by the wall or the ambient gas, the temperature distribution in the liquid film is non-uniform during most of the lifetime of the film because of the thermal diffusion resistance [START_REF] Zeng | Multicomponent-Fuel Film-Vaporization Model for Multidimensional Computations[END_REF]. Foucart et al. [START_REF] Foucart | Development of a Three Dimensional Model of Wall Fuel Liquid Film for Internal Combustion Engines[END_REF] used a parabolic temperature profile for the liquid film. O'Rourke and Amsden [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF] assumed that the temperature distribution inside the film is linear and the average temperature is located exactly at the half height of the film. The temperature non-uniformity inside the film has also been investigated by Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] for single-component model and Zeng and Lee [START_REF] Zeng | Multicomponent-Fuel Film-Vaporization Model for Multidimensional Computations[END_REF] for multi-component film model. They used a third-order polynomial to model the temperature and mass fraction profiles inside the film.

Few models exist in the literature for multi-component liquid films described with the discrete approach [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF][START_REF] Zeng | A multicomponent-fuel film-vaporization model for multidimensional computations[END_REF]. Torres et al. [START_REF] Torres | Efficient multicomponent fuel algorithm[END_REF] used discrete approach for both spray and film evaporation models. They generalized the evaporation model of OA [START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF] to multi-component model. Zeng and Lee [START_REF] Zeng | Multicomponent-Fuel Film-Vaporization Model for Multidimensional Computations[END_REF] proposed a model for multi-component film vaporization which is based on the single-component model of O'Rourke and Amsden [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF] and Amsden [START_REF] Amsden | KIVA-3V : A Block-Structured KIVA Program for Engines with vertical or Canted Valves[END_REF].

All the above liquid film models except GD use the assumption of simple diffusion of the species (i.e. based on the Fick's law), which may lead to inaccurate evaporation results when the gas mixture contains more than two components. Moreover, for the wall laws of OA, the transition between the fully turbulent region and the viscous laminar sub-layer is assumed to occur at a constant distance from the wall and is independent of the rate of evaporation.

On the other hand, the most recent model (developed by GD) for liquid film evaporation uses new wall functions [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] developed using direct numerical simulations (DNS) in order to better take into account the blowing velocity due to evaporation, and the strong density and viscosity gradients near the liquid film. However, GD [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] assumed the liquid film to be single-component. Also, it is worth noting that the heat flux due to the enthalpy diffusion of species is not taken into account in the previous model, although it may be important as demonstrated in Chapter 1.

Theoretical analysis of multi-component liquid film presents several additional complexities compared to single-component liquid film [START_REF] Chen | Experimental Study of Pure and Multicomponent Fuel Droplet Evaporation in a Heated Air Flow[END_REF]. First, the phase-change process at the multicomponent liquid film surface and the transport of liquid vapor mixture in the gas phase is more complex. Second, the evaporation process is inherently time-varying due to the continuous change in the composition and temperature of the film as vaporization proceeds. Third, because of the slow rate of liquid-phase mass diffusion as compared with those of liquid-phase heat diffusion, gas-phase heat and mass diffusion, and film surface regression, the liquid-phase mass diffusion together with the volatility differentials become crucial factors in determining the gasification behavior of multicomponent liquid film.

In the present chapter, a multi-component liquid film evaporation model is developed based on Desoutter single-component film evaporation model [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF]. While the idea of treating complex fuel mixtures and using continuous thermodynamics approach has recently been applied to practical engine fuel vaporization and combustion by Wang and Lee [START_REF] Lee | Continuous Multicomponent Fuel Film Vaporization Model for Multidimensional Engine Modeling[END_REF] and Lippert et al. [START_REF] Lippert | Investigating the Effect of Spray Targeting and Impingement on Diesel Engine Cold Start[END_REF], and needs less computation time [START_REF] Doué | Vaporization of Multicomponent Droplets using Continuous Thermodynamics Model with Multiple Distribution Functions[END_REF], in the present study, we need pure species to be able to build kinetic schemes for combustion and auto-ignition. Thus, discrete approach will be used in our study to generalize the GD model [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] which was already implemented in IFP-C3D code using a Lagrangian approach for single-component film evaporation modeling.

In combustion chamber of Diesel engines, injection of fuel containing hundreds of components into the high pressure ambient gas may lead to the formation of a thin multi-component liquid film on the piston surface. A noticeable remark is that in the combustion chamber, due to the high pressure conditions, the ideal gas assumption does not hold anymore and the influence of some parameters like physical properties variation, ambient gas solubility in the liquid phase and thermodynamic nonideality should be taken into account. Therefore, the objective of the present chapter is to develop a multi-component liquid film evaporation model with both real and ideal gas models as was done for droplets in Chapter 1.

Spray-Wall interaction: a brief introduction

The interaction of liquid fuel jets with the walls of the combustion chamber is a physical phenomenon of great complexity. Various thermal and dynamic regimes can occur depending on the physical properties and dynamics of liquid drops and walls impacted [START_REF] Habchi | A comprehensive model for liquid film boiling in internal combustion engines[END_REF][START_REF] Habchi | Développement de modèles d'atomisation secondaire et d'interactions sprayparoi en LES décrits par une approche Lagrangienne dans AVBP[END_REF]. For example, a wetting regime leads to the formation of a liquid film on the walls whereas a boiling regime leads to instantaneous evaporation. The outcome of the impact and evaporation of a drop on a wall depends on both the wall temperature T w and the impingement Weber number. In the literature [START_REF] Habchi | A comprehensive model for liquid film boiling in internal combustion engines[END_REF][START_REF] Dhir | Nucleate and transition boiling heat transfer under pool and external flow conditions[END_REF][START_REF] Dhir | Boiling heat transfer[END_REF][START_REF] Rein | Chapter : Interactions between drops and hot surfaces[END_REF], four temperature regimes are classified according to the overheating of the wall and the definition of the temperature of saturation T sat , the temperature of Nukiyama T N and the temperature of Leidenfrost T L :  Regime I: When T w < T sat , all the spray droplets impacting a surface with a temperature T w below the saturation temperature T sat can form a liquid film.  Regimes II and III: (T sat < T w < T L ): in this regime, the liquid very near to the wall (in the thermal boundary layer) and in particular the one located in the roughness is overheated. This leads to the formation of vapor cavities arising from germs (or nucleation sites), often hidden in the wall roughness.  Regime IV: (T L < T w ): this regime is often called "Leidenfrost regime or film boiling regime".

Because in this regime, the intense evaporation leads to the formation of a cushion of vapor that prevents contact of the droplets with the wall.

In all these regimes, the rebound and splash may occur depending on the impact energy of the droplet, represented by the Weber number (We) which gives the relative importance of fluid's inertia compared to its surface tension. The critical Weber number beyond which splashing phenomena are observed experimentally [START_REF] Mundo Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF][START_REF] Yarin | Impact of drops on solid surfaces : self-similar capilary waves, and splashing as a new type of kinematic discontinuity[END_REF] depends on several parameters, in particular the wall temperature and roughness. In Figure 26, two critical Weber numbers are defined for the thermal and dynamic regimes:

 We c-wet indicates the value beyond which splashing phenomena appear in regime I. In this regime, a portion of the incident drop and eventually the liquid film leave the wall in the form of fine droplets formed by splashing when We > We c-wet [START_REF] Yarin | Impact of drops on solid surfaces : self-similar capilary waves, and splashing as a new type of kinematic discontinuity[END_REF].  We c-dry indicates the value beyond which the phenomena of splashing drops appear in the Leidenfrost regime. In this regime, the experiments show that the drops bounce at low speed incident while they break up into fine droplets when We > We c-dry [START_REF] Mundo Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF][START_REF] Wachters | The heat transfer from a hot wall to impinging water drops in a spheroidal state[END_REF].

The detailed description of spray-wall interaction and boiling models may be found in [START_REF] Habchi | A comprehensive model for liquid film boiling in internal combustion engines[END_REF][START_REF] Habchi | Modélisation de l'interaction spray-film liquide par une approche lagrangienne incluant splashing et évaporation[END_REF]. In the next sections, a model for the evaporation of multi-component liquid film, formed in the regime I, is described. The film evaporation model is then integrated in the IFP-C3D code and used to describe the behavior of film evaporation in different test cases. 

General hypotheses of the evaporation model

The liquid film evaporation model resolves the same Navier-Stokes equations for liquid and gas phases as used for droplet evaporation modeling (see Chapter 1). Except some differences in boundary conditions, liquid film evaporation can be modeled similarly to droplet evaporation. The following hypotheses are applied:

 Vapor-liquid at the film surface is in thermodynamic equilibrium, modeled either with ideal or real gas assumption.  Evaporation rate is evaluated using the turbulent boundary-layer assumption.  Third-order polynomial is used to model the temperature profile within the liquid phase.  Wall temperature is given constant.

 Gas flow is quasi-steady (terms of / t  are negligible).

 Radiation and the effects of Soret and Dufour are negligible.  All the thermodynamic properties are dependent to temperature and composition of the mixture.

 The gradients parallel to the film surface are zero, 27).

0 x    and 0 z    (see Figure
 Pressure gradients and volume forces are negligible in the liquid phase.  There is no chemical reaction in the gas phase boundary layer or at the film surface.  Gas and liquid are incompressible.

Equations of the model

The liquid film evaporation model consists in resolving the simplified liquid phase equations as well as energy balance at the liquid-gas interface. In the framework of the Lagrangian approach, the liquid film is discretized by a number of particles in the same manner as a liquid spray. The generic equation of the mean internal energy of each film particle can be written as follows:

  ,, . where . denotes the spatial average. e I is the specific internal energy which for the film particle is defined as: It is worth noting that in the OA model [START_REF] Amsden | A Particle Numerical Model for Wall Fluid Dynamics in Port-Injected Engines[END_REF][START_REF] Amsden | A Spray/wall Interaction Submodel for the KIVA-3 Wall Film Model[END_REF], the film thickness is calculated as the ratio of the volume of the parcels located on each wall cell face and the area of this cell face as follows:

1 a N p p a a V h A    (2.3)
where a h is the film thickness, p V is the volume of particle p, a A and a N are the wall cell face area and number of particles on face a respectively. This method has some disadvantages:  An over-estimation of the film area especially close to the film borders or in the case of a liquid film consisting of several dispersed parcels on the wall.  An over-estimation of the evaporation at the film borders  A mesh dependency of the model. These issues have lead to a new method for the calculation of the mean film thickness [START_REF] Habchi | Modélisation de l'interaction spray/paroi dans les moteurs à combustion interne[END_REF]. This method has been used by GD [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] in the single-component liquid film evaporation model for the estimation of the wetted surface by each parcel on the wall. Thus, for each film particle, a local film thickness is estimated as: Contrary to the droplet evaporation model, which assumes a uniform temperature profile inside the droplet and solves semi-implicitly the energy balance at the liquid-gas interface, the film evaporation model assumes a third-order polynomial temperature profile inside the liquid film. This assumption leads to an implicit solution of the energy balance at the liquid-gas interface. In this case, the heat flux in the liquid film particles , ps  is given by the continuity of heat flux at the liquid-gas interface: 
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The mean liquid particle temperature p T , which is defined as follows,

  0 1 p h pp p T T y dy h   (2.9)
is the solution of Equation (2.1). 
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The temperature , ps T at the surface of the particle film p could be obtained as: 

Discretization of energy equation

The mean liquid particle temperature is obtained by temporal discretization of Equation (2.1) in the following form: 
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where n p  is assumed to be constant. In IFP-C3D code, p  is updated from the film particle temperature at the beginning of each time step. In the above equation, 1 n p h  is obtained by discretization of mass conservation equation as follows:
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where a M indicates the mass source term by unit area of all the droplets that joint (or leave) the liquid film by impact on the face a where the particle p is located during the current time step (Figure 27). Substituting Equation (2.15) into Equation (2.14) gives: (2.17)
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In the above Equation, 0

T has been chosen as the closest value to p T in such a way that: 
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Finally, the explicit equation which gives the mean particle temperature 
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Determination of gaseous heat flux

The gaseous heat flux is calculated from the temperature gradient at the interface of the liquid film. It is then necessary to determine the temperature profile in the gaseous boundary layer. In the framework of RANS (Reynolds Average Navier-Stokes) calculations, this is usually done using wall laws, which consist of resolving analytically the equations of the boundary layer on the surface of the wall or liquid film. In the present study, the multi-component mass, dynamic and thermal wall laws are obtained based on the wall laws of Desoutter et al. [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. The single-component mass fraction wall law of Desoutter is generalized to multi-component wall law with the discrete fluid method. The thermal wall law is also modified by consideration of the new heat flux which takes into account the enthalpy diffusion of species in addition to conduction. These wall laws generalized for multicomponent liquids are completely described in Appendix D and are summarized as follows:

: C and Y C are the parameters obtained by comparing these wall laws with DNS results [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] and k is the Karmann constant. Pr and Sc are the Prandtl and Schmidt numbers and subscripts t and l denote turbulent and laminar, respectively. The laminar Schmidt number of each component i is calculated in Appendix D. s v  is the dimensionless Stephan velocity introduced as:
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Chapter 2 Multi-component liquid film evaporation 38 where u  is the shear velocity.   in Equations (2.24) to (2.26) is defined by [40, 51]:

, gs g y      (2.28)
where y  is the non-dimensional coordinate, g  is the laminar kinematic viscosity of the gas and subscript s denotes the film surface. Notice that in the limit of small evaporation rate and small gradients of density and viscosity, the wall laws given by Equations (2.24) to (2.26) reduce to the standard wall functions [START_REF] Launder | The Numerical Computation of Turbulent Flows[END_REF].

The heat flux , gs  is obtained using the enthalpy compatibility condition: 
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Development of multi-component evaporation models and 3D modeling of NOx-SCR reduction system 39 where s v  is the dimensionless Stephan velocity as a function of shear velocity u  (Equation (11.12))

and   is defined by Equation (11.61).   T P   is defined by:

  , 0 1 m L g T eff eff g s P dT T        (2.34)
where eff T  is the effective thermal parameter [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. This function is used to simplify the LnKc model (Equation (11.63)) as follows:
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Substituting the expression of temperature (Equation (2.30)) in Equation (2.29), one obtains the following expression:
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After simplifications, the following expression for 
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Determination of Stephan velocity

Similar to the enthalpy compatibility condition (Equation (2.29)), the mass compatibility in the boundary layer above the liquid film must be ensured. This is done as shown in the following Equation:

    ,, 0 1 m L g i g g i g m m Y y Y y dy L    (2.46)
The resolution of the above Equation gives the dimensionless Stephan velocity s v  and mass fraction of each component i. Using Equations (11.56), (11.64) and (11.67), one obtains the explicit profile of liquid mass fraction:
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is the effective mass parameter for each vapor components [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. The above function is used to simplify the LnKc model in Equation (11.64). The parameter , li Sc is the laminar Schmidt number of component i in the mixture. In fact, this parameter is introduced in order to simplify the integration of mass conservation equation of species. This parameter, which is obtained by equating simple and complex species diffusion mass flow rates, is described in Appendix D. Substituting Equation (2.47) into Equation (2.46) gives a relationship between the dimensionless Stephan velocity s v  and the gaseous species mass fraction at the film surface , 
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where eff U  is the effective dynamic parameter [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. Writing Equation (2.52) at y=L m gives an expression for u  as a function of Stephan velocity:
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The numerical method used for solving the previous coupled system of equations will be described in Section 2.10.

Vapor-Liquid equilibrium

Similar to the droplet evaporation models (Chapter 1), both the ideal and real gas EOS are evaluated for the liquid film evaporation model. They are used to determine the mass fraction of gas species at liquid surface i s Y as well as the latent heat of vaporization in case the real gas EOS is applied. Real gas model uses the well-known cubic Peng-Robinson (PR) EOS [START_REF] Peng | A New Two-constant Equation of State[END_REF].

Satisfying the thermodynamic equilibrium condition enables us to use an auxiliary equation for the calculation of mass fraction of species. Mole fraction of species in liquid and gas phases with the ideal mixture hypothesis is obtained by:

1 1 1 , , , n n n n i g i l v i X P X P     (2.56)
where , vi P is the vapor pressure of species i. Assuming a non-ideal solution, the surface mole fraction can be determined using the thermodynamic equilibrium condition for the partial vaporization at the given temperature and pressure as [START_REF] Vidal | Thermodynamics: Applications in chemical engineering and the petroleum industry[END_REF]:

, , , , 
s i g i g i l i l XX   (2.57)
where the fugacity coefficients, i  , are evaluated from Peng-Robinson equation of state [130]. The vapor-liquid equilibrium model is described in detail in Appendix B.

System of equations for the film evaporation model

The Equations obtained from the previous Sections are summarized. The final system is solved numerically with Newton iterative method for the unknowns: p 
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 Gaseous heat flux: 
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A Newton iterative algorithm has been used to resolve the above system of equations. Then, the specific mass evaporation rate can be calculated as:

1 1 1 ,, n n n n p g s p s m v u        (2.62)
where , gs  is the gas mixture density at the liquid-gas interface and is obtained by the equation of state. The shear velocity 1 n u   is also given by [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF]:

         1 2 1 1 , 1 2 n n ms n n s n m n u u y L v u v Hgu y L u P                  (2.63)
The flowchart of the film evaporation model is given in Figure 30. 

Diffusion velocities

As mentioned earlier for droplet evaporation model, the diffusion velocity is used for the calculation of mass evaporation rate of each liquid film component. In the mass conservation equation, the correction velocity is evaluated to ensure global mass conservation. Similar to droplets, the correction velocity is obtained as:
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and, at the liquid-gas interface, the diffusion velocity will be:
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Calculation of film evaporation rate for each component

At the liquid-gas interface one has:
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where G N is the number of gaseous species. For the total evaporated mass of liquid film, one has:
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or by introducing the mass fraction of gas species
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(2.68)

By equating the equations of mass evaporation rate (Equations (2.67) and (2.68)) and assuming that the simple diffusion velocity is negligible compared to the correction velocity, one has:
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(2.69)

The simplification of the above Equation leads to:
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(2.73) Thus, for each component i of the film, one can write the following relation for the specific mass flow rate of each liquid film particle component:
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And finally:
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The above specific film mass evaporation rates are obtained similar to the droplet mass evaporation rate. The present multi-component film evaporation model is implemented in IFP-C3D code [START_REF] Bohbot | IFP-C3D: an Unstructured Parallel Solver for Reactive Compressible Gas Flow with Spray[END_REF] and used to simulate the following test cases. A brief description of IFP-C3D code is given in Appendix E.

Liquid film evaporation test cases

In order to investigate the multi-component liquid film evaporation model developed in this work, two test cases are studied in this section: The turbulent channel flow and the spray-film interaction test cases. These test cases have been built in order to investigate numerically the new model in situations where a gas turbulent flow dominates (i.e. similar to the operating conditions in internal combustion engines for example). In these conditions, very few experiments or numerical investigations exist, and comparison with experimental data is not possible. However, a comprehensive comparison between three-component fuel and single pseudo-component fuel evaporation model (obtained by the lumping of the three-components) will be presented. The second "spray-film interaction" test case is the simulation of experiments recently obtained at IFP Energies nouvelles [START_REF] Maligne | GSM E1.1: Développement de nouvelles techniques de mesure pour les moteurs essence. Phase 1: Application de la RIM en configuration simplifiée, Phase 2: Evaluation de la mesure d'épaisseur par LIF en présence de combustion[END_REF][START_REF] Maligne | Time-Resolved Fuel Film Thickness Measurement for Direct Injection SI Engines Using Refractive Index Matching[END_REF]. These experiments consist in the measurement of the film thickness which was formed by the injection and impingement of a hollow cone spray on a flat plate.

Turbulent channel flow

A turbulent channel flow configuration with a thin liquid film initially located on the lower wall of the channel is simulated. To simplify the calculation, the gas consists of just nitrogen. The liquid is composed of single and three-component fuels. The three components are n-pentane (C 5 H 12 ), nheptane (C 7 H 16 ) and n-decane (C 10 H 22 ). The three components (with composition of 40% wt. npentane, 30% n-heptane and 30% n-decane) are then lumped as a single C 6.55 H 15.11 pseudo-component using ReFGen [START_REF] Lugo R | A Compositional Representative Fuel Model for Biofuels -Application to Diesel Engine Modelling[END_REF][START_REF] Ebrahimian | Second Generation Tools for the Modelling of Diesel Engine mixture preparation[END_REF]. The critical parameters of the fuels used in this study are given in Table 3. With the new multi-component evaporation model, one can use a fuel with different compositions of real or pseudo-component. Because of the low pressure condition in the channel, the gas is assumed to follow the ideal mixture hypothesis. The schematic of the channel test case is shown in Figure 31. A uniform mesh of [START_REF] Zeng | A multicomponent-fuel film-vaporization model for multidimensional computations[END_REF] 15 15  cells is used. The initial gas pressure and temperature is 1 bar and 400 K. Inlet mass flow rate and temperature and outlet static pressure conditions are specified. The simulation cases are presented in Table 4. Liquid film parameters and channel test specifications are presented in Table 5. The total calculation is performed for 500 ms. In order to be closer to the combustion chamber condition (with the approximate gas velocity of 10 m/s), a Reynolds number of 6000 is assumed for the gas flow. 

Nitrogen gas flow

Initial liquid film particles 

Results

Due to almost similar hypotheses, it is expected that the film has similar behavior as droplet. In the following sections, first the behavior of multi-component fuel and its single pseudo representation are evaluated. Then the effects of high pressure and temperature on the film characteristics are investigated using ideal and real gas models. Finally, some conclusions about the developed film evaporation model are drawn.

Single/multi-component models comparison

The results of single/three-component film evaporation for the turbulent channel flow are illustrated in Figure 32 to Figure 43. Figure 32 shows the mean instantaneous liquid film mass normalized by its initial value, for both single and three-component liquid. It is shown that single pseudo-component fuel (C 6.55 H 15.11 ) evaporates faster than three-component fuel especially after 80 ms. At this time, as illustrated in Figure 32 Figure 33(a) and (b) show the mean film surface and mean liquid film temperatures respectively. In the present turbulent channel flow, there is no significant difference between the mean film surface and mean liquid film temperatures. Differences would be observed for higher film thicknesses or different heat flux from the gas or wall surface to the liquid. According to Figure 33(a) and (b), the film temperatures (mean and surface) seem limited by the wall temperature for both single and multicomponent models.

The normalized mean and maximum film thicknesses for single and three-component liquids are depicted in Figure 33(c) and(d). Film thickness follows the same rule as the film mass. In the calculation, the maximum film thickness is defined as the highest particle thickness. Because of the initial uniform film, there is no significant difference between the mean and maximum film thickness. As expected by the faster evaporation in single-component model, the film thickness goes faster to zero for this model.

Figure 34(a) shows the surface mass fraction of components in the gas phase which is linked to thier volatility: The most volatile component has the highest mass fraction in the gas phase due to its strong diffusion into the gas phase.

The surface mass fraction of components in liquid phase is shown in Figure 34(b). To ensure mass conservation in the liquid phase, the decrease in mass fraction of n-pentane (C 5 H 12 ) leads to increase in mass fraction of two other components. As n-pentane has completely been evaporated (at about 200 ms), the evaporation process continues for the two other components (i.e., n-heptane and n-decane). After approximately 200 ms, there is no n-pentane in the calculation domain for T wall = 320 K. Due to the faster evaporation of the most volatile component (n-pentane), its association in the liquid film becomes low. The heavier liquids (n-heptane and n-decane) evaporate competitively with n-pentane but with lower evaporation rates. This results to the higher mass fraction of n-heptane and n-decane components as demonstrated in Figure 34 

Pressure effect on film evaporation

Similar to droplet evaporation, both ideal and real gas models are applied to the film evaporation model using ideal gas EOS and cubic Peng-Robinson EOS respectively. The results obtained for different gas pressures for both ideal and real gas models and single-component fuel model are shown in Figure 35 and Figure 36. The effect of pressure on the evaporation is very important especially for studying the combustion chamber of engines, where the gas pressure varies during the piston movement. The reduced pressure, (P r = P / P c ), varies from 0.034 (P atm ) to 3.4 which is the range of pressure in a typical combustion chamber. As illustrated in Figure 35, higher pressures lead to lower evaporation for both ideal and real gas models at the given conditions. It seems that the diffusion of fuel vapor to the gas at the atmospheric pressure, (P r = 0.034), is more important than at higher pressures. Near or above the supercritical conditions, (P r > 1), more time is needed to complete the evaporation. This may be the cause of slow evaporation of film in the combustion chamber of Diesel engines at high pressure and low temperature conditions. According to Figure 35, at low pressure, the same behavior for ideal and real gas models is observed. However, at higher pressures, real gas model leads to faster evaporation than ideal gas model. This is mainly due to the different transport properties calculated by the real gas model. Although real and ideal gas models predict different film mass during evaporation, the film temperature seems to be unaffected by the pressure variation, in particular for ideal gas model (Figure 36(a)). Real gas model at atmospheric pressure predicts lower film temperature at the beginning of the evaporation (Figure 36(b)). Figure 37 shows the film mass and temperature for three-component fuel model obtained for the same gas pressures. The results are similar to the single-component model. Different film mass is observed for ideal and real gas models at higher gas pressures. The results highlight the importance of choosing an appropriate EOS to be able to predict the evaporation rate at all pressure conditions. 

Ambient temperature effect on film evaporation

High ambient temperature increases the heat flux from the gas to the liquid which consequently increases the evaporation rate. Figure 38 shows the results of film evaporation for different gas temperatures (T r = T / T c ) where for multi-component fuel, T c is obtained from the lumping procedure. It is shown that higher gas temperatures lead to higher evaporation (Figure 38(a)) for singlecomponent fuel. However, the effect of gas temperature on the evaporation of heavier components in Chapter 2 Multi-component liquid film evaporation 52 three-component fuel seems to be less important. This behavior is more visible in Figure 38(b) when after 100µs the most volatile component has been evaporated. Figure 38(c) and (d) show the heat flux from the gas to the liquid caused by the temperature gradient between the liquid and gas phases. This heat flux increases the film temperature and evaporates the film by increasing the diffusion of fuel to the gas. However, the heat flux seems to affect more the mass transfer than the film temperature which is insensitive to T r as seen in Figure 38(e) and (f). Development of multi-component evaporation models and 3D modeling of NOx-SCR reduction system 53

Wall temperature effect on film evaporation

The effect of wall temperature on film evaporation is illustrated in Figure 39 for both single and multi-component fuel models and ideal gas model. Two wall temperatures are tested (300 and 320 K). According to Figure 39(a) and (b), higher wall temperature leads to faster evaporation. This is linked to the higher film temperature (Figure 39(c) and (d)), usually close to the wall temperature as predicted by Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] for internal combustion engines. 

Initial film thickness effect on the evaporation

All the above results are obtained using an initial film thickness of 10 µm. Such thin film shows particular heat and mass transfer behaviors. The film temperature reaches its mean value in a very small time. Thicker films have a slower temperature evolution. A study of the effect of film thickness on the film evaporation and film temperature was performed for two different film thicknesses (10 and 100 µm). The results are shown in Figure 40. Higher initial film thickness leads to lower evaporation (Figure 40(a) and (b)), as more time is needed for the heat to be transferred from the gas and the wall to the liquid and consequently more time is needed for the mass transfer from the liquid to the gas. In this case, an accurate temperature profile in the film model is necessary. Figure 41 to Figure 43 show the vapor mass fraction for three-components as well as single pseudocomponent fuel model in the channel flow configuration. Figure 41 and Figure 42 show the vapor mass fraction of three components at 100 ms and 500 ms. The three components start to evaporate with different evaporation rates. N-pentane is evaporated faster and is brushed off by the gas flow, followed by the other components. The n-decane component has less volatility, and is present until the end of the calculation.

The vapor mass fraction of single pseudo-component (C 6.55 H 15.11 ) at 100 and 200 ms is depicted in Figure 43. In all Figures, the evaporation occurs by diffusing the fuel into the ambient gas through the surface of the film. The Stephan velocity, in the normal direction to the film surface, plays an important role in the evaporation rate. When there is no flow in the system (i.e., natural convection condition), it is respected that the vaporized fuel goes up due to the buoyancy force. However, the turbulent flow condition with high Reynolds number changes the vapor fuel direction and brushes off the vaporized fuel to the right direction.

The discrete multi-component film evaporation model applied to the turbulent channel flow makes it possible to distinguish the volatility of different fractions of the fuel in both liquid and gas phases. However, more calculation time is needed for discrete method compared to the lumped single pseudocomponent fuel vaporization particularly for high number of components [START_REF] Doué | Vaporization of Multicomponent Droplets using Continuous Thermodynamics Model with Multiple Distribution Functions[END_REF]. As an example, the CPU time for Case 1 for multi-component model is about 16000 s while for single-component model is about 7500 s. 

Conclusions

The discrete multi-component liquid film evaporation model developed in this study has been applied to the turbulent channel flow configuration. Film evaporation was modeled similarly to droplet evaporation. The same behavior as droplet evaporation is thus observed for liquid film evaporation. The consequences of using different sub-models (ideal or real gas models for instance) on the film evaporation model are the same as for droplet evaporation. However, because the film temperature is limited by the wall temperature, the deviation from ideality seems to be lower than that for the droplets. The following conclusions are drawn for the turbulent channel flow study:

 The multi-component model predicts the distribution of individual fuel components when a fuel with different volatilities is used. Heavy cut end (the heaviest petroleum cut) is known to be the source of HC and soot emissions especially when the spray impinges and forms a liquid film on the wall surfaces. Using multi-component model with discrete approach allows capturing this phenomenon.  It is shown that at low ambient pressure, there is no significant difference between the ideal and real gas models; however, at higher pressures, real gas model evaporates faster than ideal gas model due to the change in transport properties.  Ambient gas temperature seems to have no significant effect on the film temperature, but, it influences the mass transfer rate.  It was shown that the wall temperature is a determinant parameter for the evaporation of liquid film. Higher wall temperature leads to faster film evaporation. It was also illustrated that the film temperature is limited by the wall temperature. Hence, the effect of wall temperature on the film evaporation is more important than the gas temperature.  Film thickness affects the evaporation rate. High film thickness decreases the dependency of the film surface temperature by the wall temperature. In this condition, the definition of an accurate temperature profile in the liquid film seems to be important.

Single-component film evaporation

An experimental study on film formation and evaporation was recently performed by IFP Energies nouvelles [START_REF] Maligne | GSM E1.1: Développement de nouvelles techniques de mesure pour les moteurs essence. Phase 1: Application de la RIM en configuration simplifiée, Phase 2: Evaluation de la mesure d'épaisseur par LIF en présence de combustion[END_REF][START_REF] Maligne | Time-Resolved Fuel Film Thickness Measurement for Direct Injection SI Engines Using Refractive Index Matching[END_REF] using the RIM (Refractive Index Matching) technique. The schematic of the experimental setup is shown in Figure 44. Single-component fuel (iso-octane) is injected into the chamber using an outward needle piezoelectric injector. A horizontal Plexiglas plate has been fixed normally to the injector axis at a distance of 10 mm. The spray droplets impinge the plate and form a thin liquid film. The experimental data were obtained by an average uncertainty of 20 % [START_REF] Maligne | GSM E1.1: Développement de nouvelles techniques de mesure pour les moteurs essence. Phase 1: Application de la RIM en configuration simplifiée, Phase 2: Evaluation de la mesure d'épaisseur par LIF en présence de combustion[END_REF]. In order to simulate the film evaporation numerically, it is necessary to accurately simulate the entire process from spray injection to the film formation. In this case, the spray injection and atomization, droplets break-up, spray-wall interaction, splashing and other sub-models need to be properly modeled. In this study, the numerical simulation leading to the film formation and evaporation is done using the new evaporation models developed in the previous sections.

In Table 6, the data necessary for modeling the injection, spray-wall interaction and the formation of liquid film are tabulated. Some of the needed data for simulation are not accessible from the experiments. These data are estimated for the numerical calculation. In addition, an injection time of 500 µs was chosen (similar to experiment). The injection rate is shown in Figure 46. For the injection model, the durations of the opening and closing of the injector given in Table 6 have been specified. The thickness of the hollow cone spray angle (given in Table 6) is obtained by measuring the liquid film crown width observed on the wall in the experimental images (as shown in Figure 45). The data used in the calculation for different cases are tabulated in Table 7. In this table, the first case is used as a reference case. To simulate the injection of spray, formation and evaporation of liquid film, a hexahedral mesh is generated (Figure 47) which is refined in areas of interest to optimize the calculation of the injection and interaction of the spray with the plate. The latter is in the XY plane where the liquid film is deposited. The cube dimension is 3 100 100 13 mm  with an injector that is positioned in the center and at a distance of 10 mm from the plate (See also Figure 44). 

---- ---- ---- ---- ---- Gas pressure (bar) 13 11 8.6 ---- ---- ---- ---- ---- Roughness of the surface (µm) 10 ---- ---- ---- ---- 2 ---- ---- Spray cone angle (°) 85 ---- ---- ---- ---- ---- ---- ---- Maximum lift of the injector needle (µm) 26 ---- ---- ---- ---- ---- ---- ---- Injected mass (mg) 12.3 ---- ---- ---- ---- ---- ---- ---- Injection pressure (bar) 200 ---- ---- ---- ---- ---- ---- ---- Injection temperature (K) 300 ---- ---- ---- ---- ---- ---- ---- Injection duration (µs) 500 ---- ---- ---- ---- ---- ---- ---- Fuel Iso- C8H18 ---- ---- ---- ---- ---- ---- ---- Wall temperature (K) 490 487 468 ---- ---- ---- ---- ---- Injection surface of injector (m 2 ) 397e-6 ---- ---- ---- ---- ---- ---- ---- Thick angle of hollow cone spray (°) 2 ---- ---- ---- ---- ---- ---- ---- Sauter Mean Diameter (µm) 14 ---- ---- 6 

Results and discussions

The results of the liquid film thickness are illustrated in Figure 48, Figure 49 and Figure 50 for ambient gas temperatures of 673 K (Case Ref.), 573 K (Case 2) and 453 K (Case 3) respectively. The entire film was used to calculate a mean thickness. Compared to experimental data, the numerical model evaporates faster. In order to improve these results, a sensitivity study has been carried out, varrying the SMR (Sauter Mean Radius) injection, the opening and closing durations and the plate roughness. According to Figure 51, the differences obtained with different SMR in the range 3 to 9 microns are negligible. In Figure 52, it seems also that the opening and closing durations of injector needle in the given range have no significant effect on the mean thickness of the film. Figure 53 shows an important effect of the wall roughness on film thickness. The increase in roughness leads to a decrease in film thickness. In fact, increasing the roughness of the wall has two effects:

-It promotes the splashing phenomenon which reduces the amount of liquid deposited on the wall; -It also increases the wetted surface of the film and thus the heat transfer with the wall which promotes evaporation of the film.

This result shows that the roughness is an important parameter in film evaporation, and should be further investigated. The RIM technique is not adapted to study of roughness because it has direct effects on the quality and in range of measures. The development of techniques based on fluorescence should be considered for this type of investigations.

Figure 54 shows the comparison of numerical results and experimental measurement of the shape of the liquid film at 1000 µs after the start of injection for the reference case. There is fairly good qualitative correspondence between the wet crowns obtained by calculation and RIM measurements. The shape of the liquid film in numerical simulation is due to the effect of streaks modeled in the spray injection.

Despite the complexity of the present test case and in particular the small liquid film thickness, the numerical results show a fairly good agreement with the experiments. Reference condition:  cell =6.5kg/m 3 , T cell =673 K, t inj =500µs, P inj =200bar.

Conclusions

In the present chapter, a multi-component liquid film evaporation model has been proposed. This model is based on the single-component model of Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF] which considers the enthalpy diffusion of species in addition to the conduction heat flux. The mass fraction, dynamic and thermal wall laws of Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF] has been generalized for the multi-component model and used in the evaporation model. Similar to the droplet evaporation model, the film evaporation model satisfies the thermodynamic equilibrium condition at the liquid-gas interface with the ideal or real gas EOS. The liquid film model developed in the present study has been applied to the turbulent channel flow and wall-spray test cases. The main conclusions of the present study are as follows:

 The availability of the multi-component liquid film evaporation model is a step forward towards predicting the detailed behaviors of species in internal combustion engines.  As a single-pseudo component fuel model may not represent the behavior of an actual fuel, the availability of a multi-component evaporation model makes it possible to use more representative fuel models in future simulations.  The availability of the database RIM is a good opportunity to improve and validate 3D models of liquid film in CFD code. It would be desirable to supplement the base RIM by the cases where the liquid film is thicker. Indeed, thicker liquid films may be present in the operating conditions such as cold starts, for example. On the other hand, it would be interesting to confirm by further experiments the strong sensitivity of the models to the roughness value. For this, the use of plates of smaller roughness (0.1 to 1 µm) is desirable.  Comparison of the film model with some experimental data for multi-component fuels is still necessary.

In the next chapter, the effects of multi-component droplet and film evaporation models on the mixture preparation and combustion in internal engine test cases will be investigated using IFP-C3D code.

Chapter 3

Application of the proposed evaporation models in Diesel engine

Multi-component diesel engine computation

The aim of the present chapter is to highlight the benefits of using the multi-component evaporation models for the computation of Diesel engines. A numerical study of the mixture preparation and combustion of a multi-component diesel fuel has been performed in the NADI concept (Narrow Angle Direct Injection) of diesel engine using IFP-C3D code [START_REF] Bohbot | IFP-C3D: an Unstructured Parallel Solver for Reactive Compressible Gas Flow with Spray[END_REF]. General structure of IFP-C3D code is described in Appendix E. Main physical models included in IFP-C3D for liquid spray modeling are the new multi-component evaporation model proposed in the present study, the Wave-FIPA breakup model [START_REF] Habchi | Modeling Atomization and Break-Up in high-Pressure Diesel Sprays[END_REF], the spray-wall interaction models including liquid film transport, evaporation (developed in this work) and boiling [START_REF] Habchi | A comprehensive model for liquid film boiling in internal combustion engines[END_REF]. For combustion modeling, IFP-C3D includes the auto-ignition TKI model [START_REF] Pires Da | Detailed Chemistry-based Auto-ignition Model including Low temperature Phenomena Applied to 3D Engine Calculations[END_REF], the spark plug ignition AKTIM model [START_REF] Duclos | Arc Kernel Tracking Ignition Model for 3D Spark-Ignition Engine Calculations[END_REF] and the ECFM3Z Diesel combustion model [START_REF] Benkenida | The 3-zones extended coherent flame model (ECFM3Z) for computing premixed/diffusion combustion[END_REF]. These models enable the simulation of a large variety of innovative fuel and engine configurations and have been used in the present work.

The gas ideality hypothesis and single/multi-component fuel evaporation models are investigated. Note that the real gas model is used only for the liquid-gas equilibrium at the liquid-gas interface while using the ideal gas hypothesis for the gas at the infinity.

Detail of the methodology of the calculation

In order to simulate the engine mixture preparation and combustion using IFP-C3D code, the diesel fuel is lumped in a single Dfl1 or three (Dfl3a, Dfl3b and Dfl3c) pseudo-components by the initial composition of real components [START_REF] Habchi | Formulation of a onecomponent fuel lumping model to assess the effects of fuel thermodynamic properties on internal combustion engine mixture preparation and combustion[END_REF][START_REF] Lafossas F-A | Multicomponent Gasoline Modeling : Influence on Combustion and Knock Occurrence in a Direct Injection Engine[END_REF][START_REF] Béard | Multicomponent description of diesel fuel and influence on combustion modelling in DID engines[END_REF]. Until now, the unavailability of a multi-component film model in IFP-C3D code limited CFD calculations to single-component fuel. The new multicomponent evaporation models allow for the first time to study different compositions of real or pseudo-component.

In this chapter, the numerical results of the engine test case with single-component diesel fuel and its three-pseudo representation will be compared using ideal and real gas models. The numerical results will not be compared to experimental data as real engine parameters and conditions could not be simulated. The engine parameters and injection specifications used for the simulation of a typical Diesel engine are presented in Table 8. The schematic of one-sixth sector of the cylinder of the engine Chapter 3 Application of the proposed evaporation models in Diesel engine 68 with NADI (Narrow Angle Direct Injection) concept is shown in Figure 55 and the fuel injection phenomenon in the combustion chamber is depicted in Figure 56. Different cases are studied and summarized in Table 9. Diesel engine operates at high pressure and temperature conditions. At high pressures (near or above the critical pressure of fuel), ideal gas model could not represent the real behavior of fuel. Fuel evaporation using ideal and real gas models in Development of multi-component evaporation models and 3D modeling of NOx-SCR reduction system 69 Diesel engine are simulated to observe the main differences arise from the choosing of different gas models. In all cases, the surface (piston, head and liner) temperatures are constant. The initial conditions for the gas are given in Table 10. 

Results and discussions

Spray

Figure 57 shows the liquid spray behavior during the engine operations for all cases in Table 9. Figure 57(a) shows the liquid spray mass increasing due to the injection of fuel and then decreasing due to evaporation. The cases with the ideal gas model show less evaporation compared to the real gas model with a different peak near the peak of the liquid spray mass (between -8 and -4 CA). Single and multi-component models also show different behaviors of fuel mixture preparation. The mean liquid spray temperature is illustrated in Figure 57(b) for the different cases. The differences in spray temperature are due to the effects of fuel thermodynamics properties. The real gas model uses the dew-point curve in the phase envelope diagram as a temperature limit, contrary to the ideal gas model which assumes the saturation curve of the most volatile component as the temperature limit. In supercritical conditions, the critical point is the limit for liquid temperature. It should be mentioned that the critical point for multi-component model changes due to the change in the composition of the mixture. The critical point is updated by new composition of the mixture in each time step. The liquid spray mass fraction for three pseudo-components in the liquid phase is shown in Figure 57(c) for ideal and real gas models, showing large deviations between the two gas models at the end of the evaporation period. 

Liquid film

The results of liquid film evaporation models are illustrated in Figure 58. In the engine calculation performed with the NADI concept, a thin liquid film is formed on the piston surface due to the impact of spray droplets. This liquid film mass has a value between 7 to 20% of the total injected fuel mass for different cases. The comparison of the different cases for the liquid film evaporation in Figure 58(a) to (d) shows significant effects of the fuel model (single or multi-component) as well as effects of gas non-ideality. Figure 58(a) shows the liquid film mass which evaporates slowly until the end of calculation. Similar to the spray models, in the film evaporation model, the real gas assumption leads to stronger evaporation of the liquid film. This is due to the smaller amount of energy dedicated to the heating of the liquid and subsequently to the higher part of energy available for evaporation. The differences in the film thickness in Figure 58(b) are related to the differences in the film mass. As discussed earlier for the isolated droplet and for the spray evaporation, the equilibrium condition for the ideal gas model is satisfied with a higher temperature of liquid film especially at high gas pressure and temperature conditions (Figure 58(c)). According to Figure 58(c) and as discussed earlier in Chapter 2, the film temperature tends to reach the piston temperature, which in this case has more effect on the film temperature than gas temperature. Figure 58(d) shows the mass fraction of the three pseudo-components in the liquid film.

The real gas model satisfies the equilibrium condition for all species in the gas mixture. i.e., 5 species for single-component case (1 liquid component and 4 gas species (N 2 , O 2 , H 2 O and CO 2 )) and hence, 7 species for the case of the three-pseudo component fuel model. Thus, the real gas model needs more calculation time compared to the ideal gas model. As illustrated in Figure 58(a), the rate of film evaporation is approximately similar for real and ideal gas models. In fact, lower mass of film for real gas model is the result of spray evaporation. It seems that the real gas model has more effect on the spray evaporation than on the film evaporation. Thus, an alternative way to reduce the overall computation time may be to use the real gas model for the spray evaporation calculation and ideal gas model for the liquid film evaporation calculation. 

Combustion chamber

Transient gas pressures and temperatures in the combustion chamber are the results of the liquid fuel injection, evaporation and combustion. Figure 59(a) and (b) illustrate the cylinder gas pressure and temperature variations in the combustion chamber with real and ideal gas models using one and three pseudo-components. Different cases give different pressure and temperature curves which are in accordance with the liquid mass curves (Figure 57(a) for spray and Figure 58(a) for film). Pressure and temperature first increase due to compression, then auto-ignition and combustion (near 0 CA) and then decrease due to the expansion. The decrease of the cylinder pressure and temperature (between -10 to 0 CA) is due to the spray cooling effect (Figure 59(b)). The contour of fuel vapor mass fraction in vertical section of combustion chamber is depicted in Figure 60 for -7 CA and in Figure 61 for -3 CA. In order to compare single and multi-component cases, vapor mass fractions of three pseudo-components are lumped to one pseudo-component named Dfl3. More fuel vapor is observed in the combustion chamber for real gas model (Figure 60 and Figure 61) consequently with the faster evaporation of both spray droplets and liquid film.

The contour of liquid fuel mass in combustion chamber is illustrated in Figure 62 for -7 CA and in Figure 63 for -3 CA. The liquid fuel mass injected to the chamber decreases due to the evaporation. At -7 CA, there is no considerable difference between the ideal and real gas models with single and three pseudo-components fuel model. But, at -3 degree of CA, the differences among the contours become significant. These differences are due to the effects of gas ideality/non-ideality assumptions and single/multi-component aspects in the evaporation model. The liquid fuel mass at -3 CA deposes on the piston surface and forms a liquid film.

Figure 64 shows fuel vapor mass fraction of individual components (Dfl3a, Dfl3b and Dfl3c) in the combustion chamber for the same two different crank angles (i.e., -7° and -3°). Dfl3a is the most volatile component but it also has the lowest initial mass fraction in the liquid (see Table 9) so that its final contribution to the fuel vapor remains low. In the condition studied, dfl3c has the highest vapor mass fraction. Indeed, the results presented in this Figure highlight the advantage of using the multicomponent evaporation models for the computation of diesel engines. Single-component model could not predict the composition of each component in the gas mixture. Consequently, the auto-ignition and combustion processes could not exactly be simulated in zones with different volatilities of fuel component. In fact, multi-component model helps to predict the auto-ignition and combustion more accurately. 

Conclusions

The spray and film models developed in the previous chapters have been applied to the NADI concept diesel engine in order to simulate the engine fuel preparation and combustion. The following conclusions are made:  The comparison of single and multi-component models using one and three-pseudo fuels has shown the significance of choosing a reasonable number of pseudo-components for the fuel model.  Real gas model seems to have more realistic behavior compared to the ideal gas model, but is more costly to compute.  Comparison of the spray and film models with the experimental data is still necessary.

Application to Diesel engine functioning with Biofuels

The availability of a multi-component evaporation model makes it possible to use more representative fuel model in an engine calculation [START_REF] Ebrahimian | Towards a predictive evaporation model for multicomponent hydrocarbon droplets at all pressure conditions[END_REF]. Nowadays, adding biofuels in the commercial petrofuels is widely welcomed by automobile industries due to the improvement in vehicle CO 2 emission and the need for increased energy security. Biofuels are usually used as a petrofuel additive to reduce levels of carbon oxides and soot from vehicles [START_REF] Lapuerta | Diesel emissions from biofuels derived from Spanish potential vegetable oils[END_REF], but they may increase nitric oxides [START_REF] Lapuerta | Effect of biodiesel fuels on diesel engine emissions[END_REF]. The emissions of biofuel in engine is out of the scope of the present study.

In the present Section, a numerical study of the mixture preparation of two biofuels with three different pseudo-fuel models has been performed in the same Diesel engine with the NADI concept (Figure 55). First, the representation of biofuels are obtained using ReFGen [START_REF] Lugo R | A Compositional Representative Fuel Model for Biofuels -Application to Diesel Engine Modelling[END_REF]. Two different synthetic-fuel mixtures: M1 = (95% vol. petro-Diesel + 5% vol. Methyl Oleate) and M2 = (40% vol. petro-Diesel + 60% vol. Methyl Oleate) have been used in this study. These pseudo-components are named as MxLy where x represents the name of fuel mixture and y the number of pseudo-components. Thus, the mixture M1 lumped into three pseudo-components will be referred to as M1L3. Then IFP-C3D code is used to simulate the mixture preparation and combustion phenomena. The engine parameters and injection specifications are presented in Table 11 and the initial conditions for the gas are given in Table 10. The different pseudo-components obtained using ReFGen have been added to the IFP-C3D fuel data base. Table 12 gives the mole fraction values of the different pseudocomponents for each fuel model. 

Results and discussions

The results of engine calculation are shown in Figure 65 to Figure 67. In all cases, the Peng-Robinson real gas EOS has been used to satisfy the thermodynamic equilibrium condition in the evaporation model. Figure 65(a) and (b) represent the liquid fuel mass in the combustion chamber for different fuels models. The classical behavior of the liquid mass curves shown in this figure is due to the injection (increase of mass) and evaporation (decrease of mass) of fuels. The difference in the curves for single pseudo-component (M1L1) and multi pseudo-component representations (M1L3 and M1L5) may be seen in the decreasing part of the curves. This difference is more obvious in Figure 65(b) for M2 fuels where more biofuel (60% vol. of Methyl Oleate) was added to the petrofuel. The mass fraction of three pseudo-components of M2L3 is depicted in Figure 65(c) which shows an increased mass fraction of Methyl Oleate, due to less volatility of this biofuel in comparison to other pseudo-components of M2L3. According to Figure 65(b), there is a negligible difference between the three-pseudo (M2L3) and five-pseudo (M2L5) fuel models. However, the results indicate the necessity of using multi-pseudo components representation when a significant amount of biofuel is used.

Transient gas pressures in the combustion chamber are the results of the liquid fuel injection, evaporation and combustion. Figure 66 illustrates cylinder gas pressure variations in the combustion chamber with M1 and M2 fuels using one, three and five pseudo-components. The differences between single and multi pseudo-component representations for the M2 mixture are more visible than for the M1 mixture and are in accordance with the liquid mass curves (Figure 65). Indeed, a higher maximum pressure is obtained for the most volatile fuel (M1). According to Figure 66, the decrease of the cylinder pressure during the fuel injection is due to the spray cooling effect.

The Fuel Air Equivalence ratio (FAER) of M2 for one (M2L1) and three (M2L3) pseudocomponents representations are shown in Figure 67 for different crank angles. The results show little difference at the beginning of injection. As the evaporation continues, some differences between the equivalence ratio of single and multi-component fuel representations appear in the combustion chamber. In fact, the multi pseudo-component model leads to a slower evaporation of liquid fuel than single-pseudo representation. At -1° CA, Figure 67 shows that the liquid fuel is completely evaporated in the case of single-pseudo fuel model M2L1. In addition, the heaviest pseudo (i.e. the Methyl Oleate) of the three component fuel model M2L3 evaporates very slowly (see the mass fraction depicted in Figure 65(c)) and forms a liquid film on the bowl surface. This result leads to the same conclusion as above which highlights the need of a multi-component representation for fuels containing a significant percentage of biofuels. Engine operation quantities like IMEP (Indicated mean effective pressure), Auto-ignition delay and the crank angles which represent 10, 50 and 95 percents of burnt fuels (CA10, CA50 and CA95 respectively), are tabulated in Table 13 for different fuels. Closer behavior between three and fivepseudo components is observed. Comparison between M1 and M2 fuels shows slower combustion for M2 which is the less volatile fuel. However, one can observe in Table 13 that the rate of fuel burning decreases when the number of pseudo-components increases. On the other hand, the delay seems to be the same for all the simulations. These trends are the same for M1 and M2 fuel mixtures. 

Conclusions

In this study, multi-component evaporation models have been applied to the engine test case in order to simulate the mixture preparation and combustion. The main conclusions of the present study are as follows:

 In engine simulation, a fuel model which better represents the thermodynamic and physical characteristics of biofuels is needed. According to the results, one may need a multi pseudocomponent representation to realistically model the thermodynamic and physical behavior of the fuel. The comparison of single and multi-component models using one, three and fivepseudo-component fuels has shown the impact and the importance of using multi-component representations in the numerical simulations. Also, using three pseudo-components models appears to be a reasonable and sufficient choice for numerical studies of injection and combustion of petrofuels mixed with a significant amount of biofuels.  The presence of a multi-component model in engine calculation is more appreciated since some kinds of fuels (like biodiesels) with special chemical and physical properties are used. Due to the presence of associative term in oxygenated hydrocarbons, an appropriate EOS like CPA (cubic plus association) for the thermodynamic equilibrium condition for these kinds of fuels may be needed.

Conclusions of Part I

Lagrangian droplet and liquid film evaporation models using discrete multi-component approach have been suggested in the first part of this thesis manuscript. The evaporation models are based on the mass, momentum and energy conservation equations with no limitation in terms of the number of components in the liquid and gas phases. The multi-component droplet evaporation model is based on a Stephan velocity which recovers the mass conservation equation thanks to the Hirschfelder's law used for the diffusion velocity. The liquid film evaporation model is dedicated to turbulent flow conditions. Liquid film model equations are based on multi-component wall-laws generalized in the present work. Development of the mass, dynamic and thermal wall laws consist of resolving analytically the boundary layer equations on the surface of the wall or liquid film. In both droplet and liquid film models, the heat flux is assumed to be the summation of heat conduction and heat enthalpy diffusion of species. Indeed, the latter has been usually neglected in previous works. The evaporation models satisfy the thermodynamic equilibrium condition at the liquid-gas interface with the ideal or real gas EOS. The evaporation models were implemented into the multi-dimensional CFD RANS code (IFP-C3D). The evaporation models are first validated against the most recent experimental and numerical data and then used to simulate diesel engine mixture preparation with different fuel representations including biofuels. The following main conclusions were drawn during the present study:

 The numerical results of droplet evaporation model in comparison with the most recent experimental data have shown that the heat flux due to the enthalpy diffusion of species could not be neglected in comparison to the conduction heat flux.  The calculated results characterize the vaporization processes of representative engine fuels and indicate the important influence of fuel volatility. The comparison with the results of singlecomponent fuel also emphasizes the importance of considering multi-component effects in practical applications, especially for high-pressure and/or low temperature environments and for biofuels.  The comparison of single and multi-component models has shown the significance of choosing a reasonable number of pseudo-components for the fuel model. As a single-pseudo-component fuel-model may not represent the behavior of an actual fuel, the availability of a multicomponent evaporation model makes it possible to use more representative fuel models in future simulations.  Almost similar total fuel mass evaporation of single and multi-component models for diesel engines at standard conditions may be due to the co-evaporation of most and less volatile components of diesel fuel. However, different behavior for single and multi-component biofuel is observed due to the different chemical structure of biofuels components.  High pressure aspects of fluids such as real gas EOS, mixture non-ideality and high pressure transport properties were addressed in the real gas model.  High pressure computations show a significant pressure influence on the evaporation rate.

Different evaporation rates were obtained at high pressure conditions for real/ideal gas models. However, at low pressure conditions, the deviation from gas non-ideality becomes less important.  Real gas model seems to have more realistic behavior compared to the ideal gas model, but is more costly.  Finally, validation of the spray and film models with different experimental data is still necessary.

Part II SCR modeling

Introduction

Diesel engine operation is characterized by lean heterogeneous combustion, leading to emission of pollutants, mainly nitrogen oxides (NOx), particulates, and to a lower extent, carbon monoxide (CO) and unburned hydrocarbons (HC). Emission of nitrogen oxides from the exhaust pipe of Diesel engines are known to be a major cause of photochemical air pollution. In the automotive industry, the Selective Catalytic Reduction (SCR), which converts the NO x emissions to nitrogen and water in presence of Ammonia (NH 3 ) becomes of major importance as an emission reduction technique [START_REF] Heck R | Catalytic Abatement of Nitrogen Oxides -Stationary Applications[END_REF]. Johnson [START_REF] Johnson | Diesel Emission Control in Review[END_REF] indicates that this technology will be a key to achieve EPA-2010, Euro VI, and final Tier-4 emissions legislation. However, ammonia might not be a suitable reducing agent for mobile sources mainly due to the difficulties in its storage, handling and transportation [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF]. Urea possesses considerable advantages over ammonia in terms of toxicity and handling [START_REF] Itaya | NO reduction behavior by urea solution injection in the tubular reactor[END_REF][START_REF] Alzueta | Interactions between nitric oxide and urea under flow reactor conditions[END_REF][START_REF] Park | A study of urea decomposition and a comparison between urea and ammonia as NOx reducing agents[END_REF][START_REF] Park K | Characteristics of reducing NO using urea and alkaline additives[END_REF]. However, its necessary decomposition into ammonia and carbon dioxide complicates the DeNOx process. The major undesirable effect of this, is lower NO x conversion [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF].

The major components of the SCR process are hot exhaust gas, Diesel Exhaust Fluid (DEF like AdBlue) and a catalytic converter. DEF and hot exhaust gas enter a catalytic converter located in the exhaust system downstream the Diesel particulate filter (Figure 68). The catalytic converter contains a catalyst, which is a substance that causes or accelerates a chemical reaction, without being affected itself. DEF is usually a solution of purified water and urea, an organic nitrogen compound that converts it to ammonia when heated.

Several reductants are currently used in SCR applications including anhydrous ammonia, aqueous ammonia, urea or other chemical components [START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF][START_REF] Elston | Aqueous Ammonia Stripping Technology for SCR Applications[END_REF][START_REF] Systems | KleenAir gets new patent for aqueous ammonia NOx reductino, Focus on Catalysts[END_REF][START_REF] Salib R | Optimization of Ammonia Source for SCR Applications[END_REF][START_REF] Elmøe | A high-density ammonia storage/delivery system based on Mg(NH 3)6CL2 for SCR-DeNOx in vehicles[END_REF]. All those reductants are widely available in large quantities. Pure anhydrous ammonia (NH 3 or hydrogen-nitride) is extremely toxic and difficult to safely store, but does not need further conversion to operate within an SCR [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF]. Aqueous ammonia (NH 4 OH or Ammonium-hydroxide) must be hydrolyzed, but it is safer to store and transport than anhydrous ammonia [START_REF] Fisher | Comparison of Urea-Based Ammonia to Liquid Ammonia Systems for NOx Reduction Applications[END_REF]. Urea is the safest to store, but requires conversion to ammonia through thermal decomposition (thermolysis) [START_REF] Alzueta | Interactions between nitric oxide and urea under flow reactor conditions[END_REF][START_REF] Park K | Characteristics of reducing NO using urea and alkaline additives[END_REF][START_REF] Fisher | Comparison of Urea-Based Ammonia to Liquid Ammonia Systems for NOx Reduction Applications[END_REF]. The selection of the source of ammonia for a SCR system raises a variety of technical and economic issues.

In mobile industries, AdBlue which is a Urea-Water-Solution (UWS with 32.5% wt. Urea in Water) is used and is injected into the exhaust pipe line, water evaporates and urea decomposes into ammonia and iso-cyanic acid. This ammonia is ultimately used in the SCR catalytic converter as a reacting agent for the nitrogen oxides. The schematic of an exhaust pipe with the AdBlue injection in the burnt gas is shown in Figure 68. The goal of the present study is to simulate the pre-processes leading to NO x reduction of engine exhaust gas. The pre-processes are mainly the AdBlue injection into the exhaust gas and the evaporation of water and thermal decomposition of urea. The produced ammonia will finally react with the exhaust gas (in the SCR system) to decrease the amount of NO x in the gas. The last step (NO x reduction in the SCR system) is not the objective of the present study. Figure 69 shows a schematic of SCR system used in automobile exhaust pipe. There are a number of experimental works in the literature for urea thermolysis [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF][START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF][START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF][START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF][START_REF] Grünwald | Verbesserung der Reduktionsmitteldispersion und verdunstung in SCR-Abgasanlagen[END_REF][START_REF] Prieto | Needle array DBD for solid urea decomposition[END_REF][START_REF] Mckinely | A Urea Decomposition Modeling Framework for SCR Systems[END_REF]. Kim et al [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF] have studied the spray induced mixing characteristics and thermolysis of aqueous-urea solution (40% wt. urea in water) into ammonia. First, the spray mixing characteristics have been clarified performing a cold flow test. Then, the ammonia concentration in a hot gas pipe was measured by injecting urea solution into the hot gas. They also adopted a discrete particle model in Fluent code to simulate the spray-induced mixing process. In this case, the experimental data which was already obtained from the spray characteristics experiment was used as input data of numerical calculations. In their work, a single kinetic model was adopted to predict the thermolysis of urea into ammonia. Lundström et al [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] have studied the thermolysis of urea under flow reactor conditions using a differential scanning calorimeter (DSC) and Fourier transformed infrared spectroscopy (FT-IR). Two different experiments were investigated. In the first one, they administered urea solution in a cordierite monolith and they recorded the concentration of ammonia and iso-cyanic acid. In the second experiment, a vertically suspended silica cup was loaded with small granular pellets of solid urea. In their work, they have shown that depending on the way the sample is administered, (cup or monolith), different behaviors in the gas were observed. The cup experiment showed higher gas phase concentration of reactants due to lower mass transfer rates as compared to the monolith. The production of by-products like biuret and Cyanuric acid (CYA) is also observed in their experiments. Stradella and Argentero [START_REF] Stradella | A study of the thermal decomposition of urea, of related compounds and thiourea using DSC and TG-EGA[END_REF] studied the thermal decomposition of urea and related compounds with thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements, together with evolved gas analysis (EGA). Chen and Isa [START_REF] Chen | Thermal Decomposition of Urea and Urea Derivatives by Simultaneous TG/(DTA)/MS[END_REF], and Carp [START_REF] Carp | Considerations on the thermal decomposition of urea[END_REF] published related studies using simultaneous TGA, DTA and mass spectroscopy (MS). These studies focus on the decomposition of urea under purge gas conditions. In these reports, tracking of residue species and accounting for the production of solid by-products like ammeline and ammelide and accompanying synthetic details were not included. Schaber et al [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF] studied the thermal decomposition of urea under open reaction vessel conditions by thermogravimetric analysis (TGA), high performance liquid chromatography (HPLC), Fourier transform-infrared (FT-IR) and an ammonium ion-selective electrode (ISE). Evolved gases and urea were analyzed and profiles of substances obtained from different reactions of urea thermolysis (i.e. biuret, cyanuric acid (CYA), ammelide, ammeline and melamine) versus temperature were given. In their work, major reaction intermediates are identified and production of biuret, cyanuric acid, ammelide, ammeline and melamine as a function of temperature were investigated. They also showed that in the thermolysis process, to complete a reaction, the temperature should be high enough.

Numerical modeling of urea thermolysis for SCR systems has recently been conducted. Analyzing the literature, several studies on the evaporation and thermolysis of urea-water-solution from sprayed droplets can be found, e.g. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF][START_REF] Van Helden | Optimization of Urea Scr Denox Systems for HD Diesel Engines[END_REF][START_REF] Wurzenberger | Multi-Scale SCR Modeling, 1D Kinetic Analysis and 3D System Simulation[END_REF][START_REF] Chen | Modelling and Optimization of SCR-Exhaust Aftertreatment Systems[END_REF][START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF]182]. Munnannur and Liu [START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF] developed a multidimensional model to describe key non-catalytic processes that occur during the conversion of Diesel Exhaust Fluid (DEF) into ammonia in SCR systems. Birkhold et al. [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF] developed a 3D numerical model of injection of urea-water solution. They considered the interaction of the spray with both the hot gas stream and walls of the exhaust pipe. In a complementary work [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] Birkhold et al. developed a thermolysis model for urea particles based on the experimental data of Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF]. In their work, thermal decomposition of urea was limited to the molten urea. In addition, they did not account for the production of by-products like biuret, ammeline and ammelide. In the present study, a model for thermal decomposition of urea is developed based on the experiments of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] and Schaber et al. [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. In addition to the thermolysis of urea, the new model takes into account the thermal decomposition of by-products (biuret, cyanuric acid-CYA and ammelide). The kinetic model considers also the hydrolysis of water in the UWS particles.

Ammonia production from UWS contains physical and chemical processes. Water evaporates from UWS particles and solid/liquid urea decomposes into ammonia and other chemical species. There is no clear understanding about the physical state of urea during the evaporation and thermolysis processes. Surveying the literature, different physical states of urea during thermal decomposition could be found [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF]. But, the dominant hypothesis is that thermal decomposition of urea starts after the end of water evaporation. In this case, solid urea first melts and then decomposes into ammonia and iso-cyanic acid and eventually other components [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Mckinely | A Urea Decomposition Modeling Framework for SCR Systems[END_REF][START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF][START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF][START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF].

In order to be able to simulate the ammonia production and eventually the urea and by-products deposition inside the exhaust pipe from UWS, a study of evaporation and thermolysis of UWS is performed in the next chapters. In Chapter 4 an evaporation model for UWS is proposed. The multicomponent evaporation models presented in part 1 of this manuscript have been improved in this work in order to take into account the effect of dissolved urea on the evaporation of water. Indeed, a NRTL (Non-Random Two Liquids) activity model is used to predict the vapor pressure of UWS. The vapor pressure of urea is very low compared to that of water. The evaporation of water leads to a progressive increase in the concentration of urea in the UWS. This process is explained in detail in Chapter 4. In addition, it is assumed that the thermolysis of aqueous-urea starts at the beginning of the evaporation process. A set of chemical reactions containing aqueous/solid urea and by-products thermolysis is used in the thermolysis model proposed in Chapter 5. The evaporation and thermolysis models are presented in Chapter 4 and Chapter 5 and used to simulate the experiment of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] for solid urea and UWS thermolysis cases. For the thermolysis of UWS, the evaporation model is coupled to the thermolysis model. Both evaporation and thermolysis models are then used to simulate the experiment of Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF]. The application of the evaporation and thermolysis models in a typical SCR system is finally presented in Chapter 6.

Chapter 4 Evaporation model for urea-water solution

Introduction

Evaporation phenomenon for hydrocarbon mixtures has been completely described in the previous chapters. However, evaporation of Urea-Water Solution (UWS) is a little more complicated due to the interaction of urea solute in the water. When injected to the exhaust hot gas, UWS droplets undergo heating which leads to a progressive increase of urea concentration inside the droplet during the water evaporation process. The effects of solute on evaporation of droplets have been studied by Basu and Cetegen [START_REF] Basu | Modeling of thermo-physical processes in liquid ceramic precursor droplets injected into a plasma jet[END_REF]. They modeled liquid ceramic precursor droplets (composed of water and zirconium acetate) axially injected into plasma. As water evaporates, the concentration of solute increases, which leads to the formation of a precipitate shell. They studied the effects of droplet size, shell porosity and thickness and they shown different behavior of droplet for different conditions. The same hypothesis may be applied to the UWS droplets. Dissolved urea affects the evaporation of water directly. As the urea evaporation rate is very small relatively to water, the concentration of urea in the droplet increases. Two different scenarios may happen for the urea depending on the rapidity of the water evaporation. When the droplet size is small and/or the vaporization of water is slow, the concentration of urea throughout the droplet increases uniformly which finally leads to the formation of a solid particle. But, when rapid water vaporization occurs on the droplet surface, urea concentration increases at the droplet surface which builds up a urea shell around the droplet. This may lead to the boiling of the water inside the urea shell and even to the explosion and fragmentation of the droplet as it has been observed by [START_REF] Musa | Evaporation characteristics of a single aqueous urea solution droplet[END_REF]. Although, the last scenario may occur for large droplets with high heating rate, it will not be considered in the present work. In the suggested UWS evaporation model presented in this chapter, dissolved urea inside or at the droplet surface causes the vapor pressure of water to decrease which consequently decreases the evaporation rate of water in UWS compared to pure water. Some authors [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF] have considered the effect of urea on water vapor pressure. Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] used Rapid Mixing model (RM model) to evaluate the influence of dissolved urea on the evaporation of water. In the RM model, infinite high transport coefficients are assumed for the liquid phase, resulting in spatial uniform temperature, concentration and fluid properties in the droplet, with the temporal change in quantities [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Faeth | Evaporation and combustion of sprays[END_REF][START_REF] Sirignano | Fuel droplet vaporization and spray combustion theory[END_REF]. Kontin et al. [START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF] used the RM model (like Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF]) for evaporation of water in UWS. They modified the standard gaseous-film model, proposed by Abramzon & Sirignano [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF], by introducing the mass flow reduction coefficient proposed by Reinhold [START_REF] Reinhold | Theoretische und experimentelle Untersuchung zur Sprühtrocknung mit Überlagerung chemischer Reaktion[END_REF]. They proposed three different cases during the evaporation of water and enrichment of urea: in the oversaturated case, urea completely remains in solution, therefore an unlimited oversaturation is assumed to be possible. In the saturated case, a limited solubility is considered by precipitation of solid crystalline urea out of the liquid phase. The saturation pressure is influenced in this case according to Raoult's law. In the crust case, a solid layer is formed at the particle surface during dissolution/evaporation which reduces the mass transfer. A reduction coefficient is then introduced in the evaporation rate expression and adjusted in their study, using an experimental investigation. This model gives relatively good results. However, an exact physical explanation for the reduction coefficient is necessary.

In the present work, a droplet evaporation model is proposed, based on the multi-component droplet evaporation model developed by the authors [START_REF] Ebrahimian | Towards a predictive evaporation model for multicomponent hydrocarbon droplets at all pressure conditions[END_REF] and described in Chapter 1, which takes into account a modified Stephan velocity and enthalpy diffusion of gaseous species to compute the evaporation rate. The mass conservation equation of gas mixture is conserved by diffusive mass flux which is commonly approximated by Fick's law for binary mixtures. The model uses spherical droplet hypothesis with no interaction between droplets. The effects of radiation, Soret and Dufour are neglected. The one-third rule is used for the properties of the gaseous mixture in the film region around the droplet [START_REF] Hubbard | Droplet evaporation: Effects of transients and variable properties[END_REF]. Gas phase quasi-steadiness and isobaric assumptions are applied to the model. The droplet temperature is assumed to be uniform during all the process of evaporation (i.e., the infinite thermal conductivity assumption is invoked). The resulting governing equations for the model consist in the two phase flow equations for the gas and liquid phases along with the thermodynamic equilibrium condition at the liquid-gas interface. Although the urea-water droplets contain two individual components (i.e., water and urea) and needs a two-component evaporation model, the evaporation rate of urea especially for the exhaust system conditions (i.e. more or less atmospheric pressure) is negligible compared to the evaporation rate of water. This feature is due to the very low vapor pressure of urea at atmospheric pressure. Therefore, the two-component evaporation model has been simplified as follows: only water is evaporated using the Singlecomponent evaporation model (see Chapter 1) where the UWS vapor pressure is obtained using the Raoult's law by the aid of the NRTL (Non-Random Two-Liquids) activity model [START_REF] Lefèbvre | Calcul des pressions de vapeur de mélanges eau-urée pour des températures situées entres 300 K et la température critique de l'eau par le modèle NRTL[END_REF]. The NRTL model is also integrated in the liquid film evaporation model developed in Chapter 2 of the present manuscript in the same manner as droplet evaporation. Thus, only the evaporation of UWS droplet will be presented here.

UWS evaporation model

The UWS evaporation model is described in this section including some details of the activity calculations using the NRTL model. It will be referred bellow as UWS-NRTL. For completeness, some equations already given in Chapter 1 are recalled in the following sections.

Gas phase governing equations

Droplet evaporation models are generally based on the conservation equations of mass, momentum and energy. In the resolving of the mass conservation equation of species, it is assumed that there is no chemical reaction in the gaseous environment. This is a good assumption for urea and water species. There is almost no urea vapor in the gaseous environment due to its very low evaporation rate. Besides, the reactions of gaseous species with water vapor are negligible at low temperatures [START_REF] Dryer | Water Addition to Practical Combustion Systems -Concepts and Applications[END_REF][START_REF] Mitani | Ignition problems in scramjet testing[END_REF][START_REF] Glarborg | Interactions of CO, NO x and H 2 O under Post-Flame conditions[END_REF]. The gas phase governing equations are used to obtain the mass flow rate and heat flux from the gas to the liquid. These quantities for water evaporation are summarized in the following sections.

Mass flow rate

Based on the previous works, some authors [START_REF] Abramzon | Droplet Vaporization model for spray combustion calculations[END_REF][START_REF] Hohmann | Numerical simulation of fuel sprays at high ambient pressure: the influence of real gas effects and gas solubility on droplet vaporisation[END_REF] have considered the gaseous boundary layer around the droplet to evaluate heat and mass fluxes. These models give the instantaneous droplet vaporization rate from the integration of the quasi-steady species balance around the droplet. The mass evaporation rate for single-component water droplet, drawn from multi-component evaporation rate, (Equation (1.31)), is presented as:
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Where a modified diffusion coefficient is defined as:
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 . And r d is the droplet radius, Y w s and Y w ∞ are the mass fraction of water vapor at the droplet surface and at infinity, respectively. ρ g is the partial density. The dimensionless Sherwood number is defined as the mass fraction gradient at the droplet surface over the average mass fraction gradient:
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To consider the effect of natural convection due to volume forces such as gravity, the following relation is used for the Sherwood number: where, V rel is the relative velocity between the gas and droplet, μ ,g is the dynamic viscosity in the gas mixture of the film region, g 0 is the gravity acceleration, T ∞ and   are the gas temperature and kinematic viscosity at infinity, T d is the droplet temperature and Gr, Re and Sc are the Grashof, Reynolds and Schmidt numbers respectively. The Grashof number arises in the study of situations involving natural convection. This phenomenon may happen at the entrance of the SCR system for instance. The physical parameters in the gaseous-film region (with index g) are evaluated at the reference temperature [START_REF] Hubbard | Droplet evaporation: Effects of transients and variable properties[END_REF]:
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where A r is the averaging parameter. For the one-third rule: A r =1/3. Equation (4.3) is the Kulmala-Vesala correlation [START_REF] Kulmala | Mass transfer from a drop-II. theoretical analysis of temperature dependent mass flux correlation[END_REF] where the Grashof number is introduced.

Gaseous heat flux

During the evaporation process of a droplet, the internal energy of the surrounding gas changes simultaneously to its composition. In the present study, the heat flux in the gas phase contains the contributions of the thermal conduction flux and the compositional changes resulting from species diffusion:
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where g  is the heat conduction coefficient, h g (J.kg -1 ) is the specific enthalpy of the vapor at T ref and

Nu is the dimensionless Nusselt number defined as:
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Similarly to the Sherwood number, the following correlation is used for the Nusselt number [START_REF] Kulmala | Mass transfer from a drop-II. theoretical analysis of temperature dependent mass flux correlation[END_REF]: where Pr is the Prandtl number defined as:
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and C pg is the specific heat of the gas mixture in the film region at constant pressure.

Liquid phase balance equation

As discussed above, droplet surface temperature is assumed to be equal to the mean temperature of the droplet (T s =T d ). The energy conservation equation for the two phase system consisting of the droplet and the surrounding gas mixture gives the change of liquid droplet energy as:

d d pf l dT m C Q dt  (4.12)
where m d is the droplet mass, C pf is the specific heat of liquid at constant pressure, T d is the temperature of the droplet and l Q (J.s -1 ) is the heat penetrating into the liquid phase. The energy balance at the liquid-gas interface could be written as:
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where g Q (J.s -1 ) is the heat flux from the gas to the liquid. m (kg.s -1 ) and , vg L (J.kg -1 ) are the evaporation mass flow rate and latent heat of vaporization respectively. Chapter 4 Evaporation model for urea-water solution 90

Determination of UWS vapor pressure

The evaporation of droplet consists of resolving two phase flow equations as well as satisfying the thermodynamic equilibrium condition at the liquid-gas interface. This equilibrium is based on the assumption that at the liquid-gas interface, the chemical potential for liquid and gas phases are equal for each species i. The evaporation model for urea-water solution is based on the hypothesis that the vapor pressure of the water changes with the change in the concentration of urea in the solution. The properties of liquid solutions with the high non-ideality could be estimated with the activity model. This model takes into account the interactions between the molecules in the liquid phase through the activity coefficient. The activity coefficient,  , enables us to modify the fugacity of species in liquid phase.

For a liquid mixture which is in equilibrium with a vapor mixture at the same temperature and pressure, the thermodynamic equilibrium condition for every component i in the mixture, is given through the fugacity:

LV ii ff  (4.14)
where f is the fugacity and the exponents L and V represent the liquid and vapor phases respectively. The fugacity of liquid phase for every component could be written as [START_REF] Vidal | Thermodynamics: Applications in chemical engineering and the petroleum industry[END_REF]: ()
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and for the vapor phase as:
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In the above Equations, i  is the fugacity coefficient, L i X and V i X are the mole fraction of species i in the liquid and vapor phases respectively. i P  is the vapor pressure of component i and P is the pressure at temperature T.

It should be noted that Equations (4.15) and (4.16) are written using the hypothesis that the vapor phase follows the ideal solution. This hypothesis has been shown in Chapter 1 to be valid at low pressure and high temperature conditions. This choice is then justified in the present work due to the high temperatures and/or low pressures conditions in the exhaust systems. The equality of the fugacities at equilibrium then infers the following relationship: ()
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In the case of UWS, the contribution of urea to the vapor pressure of the solution is extremely low at lower urea mole fractions. However, the evaporation of water increases the contribution of urea in the UWS. For the liquid-vapor equilibrium of UWS, Equation (4.17 where the subscripts w and u represent water and urea respectively. Because of the lack of data concerning the vapor pressure of pure urea, u P is assumed to be equal to the sublimation pressure of urea. The extremely low values of the vapor pressure and sublimation pressure of the urea make it difficult to have the measured and/or estimated values of them. The DIPPR [START_REF] Dippr | Project 801 Evaluated Thermophysical Property Database[END_REF] proposes the following correlation for the sublimation pressure of urea: with pressure in Pa and temperature in K.

NRTL model

Like most of the activity models, NRTL [START_REF] Vidal | Thermodynamics: Applications in chemical engineering and the petroleum industry[END_REF] is a local composition model for calculating activity coefficients of species in a mixture with non-idealities, as follows: ln

L L L ji ji j k kj kj j j ij k i ij L L L j ki k kj k kj k k k k GX XG XG G X G X G X                  (4.20)
where
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where i  and L i X are the activity coefficient and mole fraction of species i in the liquid phase, and

ij a , ij b , ij c , ij
  and ij   are the binary interaction parameters of NRTL model. These parameters are regressed from experimental data on liquid-vapor for urea-water solution [START_REF] Lefèbvre | Calcul des pressions de vapeur de mélanges eau-urée pour des températures situées entres 300 K et la température critique de l'eau par le modèle NRTL[END_REF] and presented in Table 14. The activity coefficients for water and urea are then calculated as:
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The saturation pressure is obtained through Equation (4.18) knowing the sublimation pressure of urea (Equation (4.19)), P u , and vapor pressure of water (from thermodynamic tables), P w , mole fraction and activity coefficient of water. Figure 70 illustrates the saturation pressure of UWS for the temperatures range of 298.15 K to 647.3 K and for different mole fraction of urea in the solution. According to Figure 70, the vapor pressure of UWS decreases when increasing the concentration of urea in the solution. Since the mole fraction of urea reaches one (when no more water is in the UWS), the vapor pressure calculated from Equation (4.18) is the vapor pressure of pure urea. This situation is also 

Model implementation

The above UWS Evaporation model (UWS-NRTL) is implemented in IFP-C3D code. An iterative method is needed for the implicit procedure of calculating the mass flow rate, droplet temperature and composition of the liquid and gas mixtures at the liquid-gas interface and also in the liquid phase. In this work, a Newton iterative method was used. The physical and transport properties of the liquid and the gas can be obtained from the estimation techniques and mixing rule as recommended by Reid et al. [START_REF] Reid R | The properties of gases and liquids[END_REF] (see Appendix A). From Equations (4.1) and (4.8) one can obtain the evaporation mass flow rate and the heat flux from the gas phase to the droplet. The energy balance at the liquid-gas interface (Equation(1.7)) gives the new droplet temperature. The variation of droplet radius is evaluated using the droplet mass n d m . The new droplet radius (exponent n+1) is obtained by mass conservation:
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where ∆t is the time step and ρ l is the UWS droplet density which is assumed to be constant in each time step. The density of urea is assumed to be constant, but, the density change of water in UWS droplet with the temperature is taken into account using the Rackett correlation [START_REF] Reid R | The properties of gases and liquids[END_REF] (Appendix A).

Isolated droplet evaporation

The effect of urea on the evaporation of water from UWS (32.5% wt. urea in water) is studied using the UWS-NRTL model. An isolated UWS droplet with the initial diameter and temperature of 100 µm and 293 K is put on the center of a cube. The stagnant gas consists of nitrogen at the temperature 673 K and pressure 1 bar. The results of the model are compared to the numerical results of Kontin et al.

Development of multi-component evaporation models and 3D modeling of NOx-SCR reduction system 93 [START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF] for the same conditions and are illustrated in Figure 71. Figure 71(a) showing the dimensionless droplet mass. Compared to pure water, the results of Kontin et al. [START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF] show higher evaporation rate. The new UWS-NRTL model shows a slightly lower evaporation than the pure water case. This result is qualitatively in agreement with the experiments [START_REF] Musa | Evaporation characteristics of a single aqueous urea solution droplet[END_REF]. The difference in mass evaporation rate is due to the presence of urea in UWS, which affects the vapor pressure of UWS which leads to the reduction in mass transfer. Since the NRTL model is used, decrease in the vapor pressure of UWS leads to the decrease in the mass evaporation rate and increase in droplet temperature. Figure 71(b) shows the droplet temperature as a function of urea percentage in the droplet. Having similar heat flux from the gas to the liquid for both pure water and UWS droplets, NRTL model gives higher droplet temperature. In fact, the heat flux to the UWS droplet is more dedicated to heat up the droplet than to evaporate it. This behavior is well presented in both Figure 71(a) and Figure 71(b). Figure 71(b) also shows that the UWS droplet temperature exceeds the saturation temperature of the water. This augmentation in temperature can be justified by remarking that UWS has lower vapor pressure and consequently higher saturation temperature than pure water. Ström et al. [START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF] and Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] assumed that UWS droplet remains at the standard saturation temperature of 373 K until the droplet water content vanishes to handle the trapped water inside a heated UWS droplet. Such assumption violates the boiling point elevation phenomenon. In particular, Sirignano and Wu [START_REF] Sirignano | Multicomponent liquid fuel vaporization with complex configuration[END_REF] demonstrated that the effective boiling point of individual droplet components in a multi-component droplet is exponentially correlated with its local concentration. In that sense, as water evaporates from UWS due to droplet heating, water concentration in the droplet decreases, which results in an exponential increase in the effective boiling point of water beyond 373 K. The mass fraction of water and urea in UWS droplet is shown in Figure 71(c). Since water evaporates from UWS droplet, its contribution in droplet decreases (Figure 71(c)). The saturation temperature of the UWS then increases by increasing the urea percentage in UWS. According to Figure 71(d), the UWS-NRTL model increases the droplet temperature compared to the pure water. The effect of urea on UWS droplets temperature (Figure 71(d)) seems to be more important that its effect on water evaporation (Figure 71(a)). Since the thermolysis of urea is highly related to the droplet temperature, an incorrect value of temperature may lead to the uncertainties in the thermolysis phenomenon. Hence, the UWS-NRTL model helps to accurately calculate the droplet temperature to be used in the thermal decomposition of urea. According to Figure 71(a), water evaporation from UWS continues until it reaches the 32.5% of the droplet mass. The rest of the mass in UWS droplet is assumed to be the mass of solid/molten urea.

Conclusions

In the present study, an UWS evaporation model has been suggested. This model differs from the multi-component droplets evaporation model described in Chapter 1. Indeed, it takes into account the effects of dissolved urea on evaporation model. The vapor pressure of urea-water solution which has an important effect on the evaporation rate is obtained from the Raoult's law using the NRTL activity model. The results of the evaporation model with and without considering the effect of urea on evaporation rate show a small effect on the water evaporation but a significant effect of UWS temperature especially near the end of the water evaporation. The proposed UWS-NRTL model will be used for the SCR simulation in Chapter 6.

Chapter 5

Urea thermal decomposition modeling

Introduction

Selective Catalytic Reduction (SCR) is one of the most promising techniques for the abatement of the nitrogen oxides (NOx) emissions from lean-burn engines. For reasons of safety and toxicity, urea is the preferred selective reducing agent for mobile SCR applications [START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF][START_REF] Held | Catalytic NOx reduction in net oxidizing exhaust gas[END_REF]. Urea is typically being used as an aqueous solution at its eutectic composition (32.5%wt urea, marketed as Adblue®).

In a typical SCR system, urea-water-solution (UWS) is sprayed into the hot engine exhaust upstream of the SCR catalyst. It is commonly believed that water evaporates first [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] and the remaining solid urea then melts and decomposes into gas phase ammonia (NH 3 ) and isocyanic acid (HNCO) and eventually other by-products [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Mckinely | A Urea Decomposition Modeling Framework for SCR Systems[END_REF][START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF][START_REF] Ström | Choice of urea-spray models in CFD simulations of urea-SCR systems[END_REF][START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF]. However, urea decomposition in aqueous solution occurs in the same temperature range as water evaporation [START_REF] Grünwald | Verbesserung der Reduktionsmitteldispersion und verdunstung in SCR-Abgasanlagen[END_REF].

In Chapter 4, it was shown how UWS droplets or liquid film undergo heating and water vaporization leading to high urea concentration near droplet or film surface. Dissolved urea at the droplet surface causes the vapor pressure of water to decrease which consequently decreases the evaporation rate of water in UWS compared to the pure water [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF][START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF][START_REF] Herr | Thermische Zersetzung von Festharnstoff für mobile SCR-Katalysatoranwendungen[END_REF]. In the same time, urea decomposes through thermolysis.

Several computational studies were carried out to predict UWS thermolysis. Abu-Ramadan et al.

[182] studied the evaporation and thermolysis of UWS droplets. They modeled urea depletion from UWS either as a vaporization process or a direct thermolysis process from molten urea to ammonia and isocyanic acid. The formation of by-products (biuret and higher molecular complexes) was neglected in their study. Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] found the rapid mixing model (as used in our models described in Chapter 1) to have the best trade-off between accuracy and numerical effort. However, these studies did not consider the formation of deposits resulting from urea decomposition. Deposit formation can lead to pressure lost, deterioration of the after-treatment system [START_REF] Zheng | Investigation of Urea Deposits in Urea SCR Systems for Medium and Heavy Duty Trucks[END_REF] and possible deactivation of the SCR catalyst [START_REF] Eichelbaum | The impact of urea on the performance of metal exchanged zeolites for the selective catalytic reduction of NOx: Part I. Pyrolysis and hydrolysis of urea over zeolite catalysts[END_REF].

In the present chapter, some characteristics of urea and Adblue are provided together with a brief introduction on chemical reaction and thermal decomposition definitions. Then, general methodologies for SCR system, used in the literature, are discussed. Single-step thermolysis models for urea in different physical states, suggested in the literature, are presented. Finally, a new multi-step thermolysis model is proposed and validated against experimental data.
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Properties of Urea and Adblue

Urea or Carbamide is an organic compound with the chemical formula (NH 2 ) 2 CO. The molecule has two (-NH 2 ) groups joined by a carbonyl (C=O) functional group. The chemical structure of urea is shown in Figure 72 and some available physical properties of urea are presented in Table 15. Urea is in solid state at ambient temperature. Some properties of urea (like phase enveloppe) are still unknown. This behavior makes difficult to use the evaporation model for pure urea. Hence, in our study, it is assumed that urea decomposes before evaporating. AdBlue is the registered trademark for AUS32 (Aqueous Urea Solution 32.5%) also named Diesel Exhaust Fluid-DEF in North America. It is a 32.5% solution of pure urea (solute) in water (solvent).

To avoid the problems associated with the dosing of solid urea, 32.5% wt. urea is used in the AdBlue as the reducing agent. The available properties of AdBlue are presented in Table 16. 

Chemical reaction phenomenon

Chemical reactions are expressed in the following general form:

1 1 2 2 3 3 4 4 ( ) ( ) ( or ) ( or ) a A s a A g a A s g a A s g    (5.1) 
Development of multi-component evaporation models and 3D modeling of NOx-SCR reduction system 97 where A 1 and A 2 are the reactants and A 3 and A 4 are the products of the reaction.

The general reaction rate for an elementary reaction (like Equation (5.1)) can be obtained using Eyring expression:

    12 12 r G aa reaction RT B kT r e A A h       (5.2)
where reaction r is the rate constant, k B is the Boltzmann constant, h the Planck constant, r G  is the gibbs energy of the activated complex and T is the temperature.

Rates of reaction depend basically on:

 Reactant concentrations, which usually make the reaction to happen at a faster rate if raised through increased collisions per unit time.  Pressure, which decreases the distance between the molecules when increasing.  Activation energy, defined as the amount of energy required to make the reaction start and carry on spontaneously. Higher activation energy means that the reactants need more energy to start reacting.  Temperature, which increases the energy of the molecules and creates more collisions per unit time when increasing.  The presence or absence of a catalyst.

Thermal decomposition definition

Thermal decomposition, or thermolysis, is a chemical decomposition caused by heat. The reaction is usually endothermic as heat is required to break chemical bonds in the compound undergoing decomposition. In this study, the rate of a chemical reaction is taken in the Arrhenius form that can be expressed as [START_REF] Mcnaught | Compendium of Chemical Terminology[END_REF]:

  exp / a k A E RT  (5.3)
where k is the rate constant, A is the frequency factor, E a is the activation energy, R is the gas constant and T is the temperature. In the next Sections, thermal decomposition of urea in the three physical states (i.e., gas, liquid and solid) is described.

SCR system modeling from literatures

The SCR system uses ammonia to react with NOx in the exhaust gas of Diesel engines in the presence of a catalyst or oxygen. The reaction is represented in different forms regarding to different engine and exhaust gas conditions [START_REF] Piazzesi | The Catalytic Hydrolysis of Isocyanic Acide (HNCO) in the Urea-SCR Process[END_REF]:

3 2 2 2 2 4 4 3 4 6 2 NH NO O N H O O      (5.4) O H N NO NO NH 2 2 2 3 6 4 2 2 4     (5.5) O H N O NO NH 2 2 2 2 3 6 3 2 4     (5.6)
The result of the reaction is water and nitrogen. As discussed, to provide the ammonia needed for SCR system, AdBlue is injected to the exhaust gas; water evaporates from AdBlue and urea decomposes Chapter 5 Urea thermal decomposition modeling 98 into ammonia. An example of the properties of burnt gas in the exhaust pipe line and the injected spray are given in Table 17 [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF]. They vary for different engines and operating conditions. The result of urea thermolysis is ammonia, iso-cyanic acid and other chemical species according to different conditions, as described by the following global reaction:

        2 23 2
or or

H CO NH s l g NH g HNCO g     (5.7)
Then, iso-cyanic may hydrolyse to ammonia and carbon dioxide:

        3 2 3 2 H HNCO g H O g NH g CO g      (5.8) 
This will be addressed later in Section 5.7. In Equations (5.7) and (5.8),

2

H  and 3 H  are the reaction enthalpies. It has been widely accepted that the above processes take place as the urea-watersolution is injected into hot exhaust gas [START_REF] Yim | Decomposition of Urea into NH3 for the SCR Process[END_REF][START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF]. The overall urea decomposition reaction corresponds to the two-steps:

        4 2 2 3 2 2
or or 2

H CO NH s l g H O NH g CO g      (5.9)
The above reaction is called thermo-hydrolysis as it includes the hydrolysis of iso-cyanic acid. Different processes for urea thermolysis have been indicated at different temperatures in the literature. In particular, some byproducts like biuret, cyanuric acid, ammelide, ammeline and other compounds of high molecular weight may be formed [START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF][START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF][START_REF] Koebel | Determination of urea and its thermal decomposition products by high-performance liquid chromatography[END_REF]. When urea is heated very quickliy, only the two-step reactions of urea thermolysis (Equation (5.7)) and hydrolysis (Equation (5.8)) may be considered as the production of by-products (i.e., biuret, cyanuric acid, etc.) is avoided [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF].

In the following section, single-step models of thermal decomposition of urea, found in the literature, are presented.

Single-step thermolysis models

The chemical reaction for the urea thermolysis (Equation (5.7)) is identical for the three forms of urea (solid, liquid or gas), but the decomposition rates are different as shown bellow.

Gaseous urea thermolysis

Gaseous urea does not seem to be stable at elevated temperatures, because there is no report on the presence of gaseous urea [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF]. One can assume a very fast reaction from gaseous urea to ammonia and iso-cyanic acid. Rota et al. [START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF] have proposed a reaction rate constant for gaseous urea thermolysis:

0 a n E RT T k A e T      (5.10)
where A is the frequency factor ( 411.27 10

As  
), E a is the activation energy ( 15540 / a E J mol  ), T 0 is a reference temperature, T is the gas temperature and n is a dimensionless power often taken equal to zero [START_REF] Rota R | Experimental and modeling analysis of the NOxOUT process[END_REF][START_REF] Aoki | Measurement of urea thermal decomposition reaction rate for NO selective non-catalytic reduction[END_REF]. Note that, these parameters were derived in presence of NOx. This condition is not optimal for kinetic parameter derivation and will not be used in our work. The thermolysis rate of gaseous urea is then computed by: . u u dC kC dt  (5.11) where C u is the concentration of urea in the gas.

In the case when Equation (5.9) is used (thermo-hydrolysis model), the activation energy E a and the frequency factor A are given as: 10 1

10

As   and =20980 / a E J mol [54].

Liquid urea thermolysis

Liquid urea may form ammonia by two different mechanisms as outlined in Figure 73:

The first mechanism consists in:

-Evaporation of liquid urea -Thermolysis of gaseous urea into ammonia and iso-cyanic acid 2. The second mechanism consists in:

-Direct thermolysis of liquid urea to gaseous ammonia and iso-cyanic acid.

The first mechanism needs to model the evaporation of urea. For the SCR system, this mechanism leads to two-component (urea-water) evaporation modeling. However, this mechanism is not used in the literature. Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF] proposed a model for the second mechanism which directly decomposes liquid urea to ammonia and iso-cyanic acid: where A is the frequency factor, (

0.42 k / / A g s m 
), E a is the activation energy ( 4 6.9 10 / a E J mol 

) and r d is the droplet diameter [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF]. In order to calculate the energy needed for the decomposition, they used the heat flux definition:

  2 d d g d u th Q r Nu T T m h      (5.13) 
The heat flux d Q is equivalent to 2 H  in Equation (5.7). In Equation (5.13), g  is the conductivity, Nu is the Nusselt number, h th is the specific enthalpy of thermolysis of urea and T  and T d are the temperature of gas and droplet, respectively. At temperature ranging from 433 K to 475 K, Grünwald [START_REF] Grünwald | Verbesserung der Reduktionsmitteldispersion und verdunstung in SCR-Abgasanlagen[END_REF] used different frequency factor ( ). In this case, the decomposition rate is written as: 

Solid urea thermolysis

There are some valuable experimental studies on thermal decomposition of solid urea [START_REF] Prieto | Needle array DBD for solid urea decomposition[END_REF][START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF][START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. Urea is in solid form at ambient temperature. Thermolysis of solid urea starts at about 406 K where the solid urea reaches the melting point. However, with slow heating, the decomposition begins already at about 353 K [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF]. Heating the solid urea has two consequences; solid urea begins to decompose gradually, and at the same time its temperature increases to the melting point temperature which leads to the change in physical state from solid to liquid. Continuing the heating process leads to a quantitative decomposition of liquid urea. Since the thermolysis of solid urea at low temperatures is slow, it can be neglected compared to the thermolysis of liquid urea at higher temperatures. It is then a good assumption to melt solid urea and to decompose liquid urea (with the above thermolysis model for liquid urea). In this case, energy for melting the solid urea, (14.5 kJ/mol), in addition to the reaction enthalpy should be considered.

The kinetic parameters of the reactions rate constants for thermolysis of liquid and gaseous urea are summarized in Table 18. In the next Section, a new multi-step thermolysis model will be developed, in collaboration with A. Nicolle from IFPEn [START_REF] Nicolle | Personal communication and collaboration with A. Nicolle for the development of kinetic model used in the thesis at IFP Energies nouvelles[END_REF], based on the experiments of Schaber et al. [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF] and Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF]. 

Multi-step decomposition model

Numerous studies [202][START_REF] Schoppelrei | Spectroscopy of Hydrothermal Reactions. 4. Kinetics of Urea and Guanidinium Nitrate at 200 -300 °C in a Diamond Cell, Infrared Spectroscopy Flow Reactor[END_REF][START_REF] Okazaki | Decomposition of urea in sub-and supercritical water with/without additives[END_REF][START_REF] Takebayashi | Continuous-Flow Reactor for Kinetic Analysis of Rapid Hydrothermal Reactions by Raman Spectroscopy[END_REF] indicate that urea decomposes readily in aqueous solution, yielding cyanate (NCO -) and ammonium (NH 4 + ) ions. The preferred reaction route seems to go through a zwitterionic intermediate, H 3 NCONH [START_REF] Alexandrova | Why Urea Eliminates Ammonia Rather than Hydrolyzes in Aqueous Solution[END_REF].

The hypothesis of hydrolysis of HNCO, taking place in gas phase [START_REF] Birkhold | Analysis of the Injection of Urea-Water-Solution for Automotive SCR DeNOx-Systems: Modeling of Two-Phase Flow and Spray/Wall-Interaction[END_REF], seems not to be realistic since HNCO(g) is quite stable in the gas phase [START_REF] Chen Z-C | HNCO hydrolysis performance in urea-water solution thermohydrolysis process with and without catalysts[END_REF][START_REF] Belson | Preparation and properties of isocyanic acid[END_REF][START_REF] Aigner | Kinetic study of the hydrolysis of isocyanic acid in the gas phase[END_REF]. However, in solution, cyanate can be readily hydrolyzed to ammonia and carbon dioxide according to the following sequence of reactions

2 2 2 ( ) ( ) ( 11 ) NCO H O l NH CO aq R a   (5.15) 2 2 2 3 3 ( ) ( ) ( ) ( ) ( 11 ) NH CO aq H O l NH g HCO aq R b     (5.16) 3 2 2 ( ) ( ) ( ) ( ) ( 11 ) HCO aq H aq H O l CO g R c     (5.17)
Carbamate NH 2 CO 2 -ion was identified by Schoppelrei et al. [START_REF] Schoppelrei | Spectroscopy of Hydrothermal Reactions. 2. Reactions and Kinetic Parameters of [NH 3 OH]NO 3 and Equilibria of (NH 4 ) 2 CO 3 determined with a flow Cell and FT Raman Spectroscopy[END_REF]. Although a nucleophilic addition of hydroxide to the carbon of isocyanic acid was suggested by Kemp and Kohnstam [START_REF] Kemp | The decomposition of inorganic cyanates in water[END_REF], a mechanism involving two water molecules attacking its C=N bond was recently proposed by Arroyo et al. [START_REF] Arroyo | Theoretical study of the neutral hydrolysis of hydrogen usocyanate in aqueous solution via assistedconcerted mechanisms[END_REF].

The thermolysis of solid urea resulting from water evaporation from the UWS leads to the production of gaseous products (NH 3 , HNCO) as well as heavier by-products (biuret, cyanuric acid, ammelide). As in the case of urea in aqueous solution, the decomposition goes through the formation of NCO -and NH 4

+ [START_REF] Chen | Thermal Decomposition of Urea and Urea Derivatives by Simultaneous TG/(DTA)/MS[END_REF]. The formation of biuret was suggested to involve the interaction of urea with NCO -in the melt [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF]. The presence of H 2 O in gas phase seems to affect only slightly solid urea decomposition [START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF].

Alzueta et al. [START_REF] Alzueta | Interactions between nitric oxide and urea under flow reactor conditions[END_REF] proposed alternative channels for urea decomposition at very high temperature and pointed out some uncertainties in the HNCO gas-phase oxidation scheme. Recently, quantum chemical calculations [START_REF] Tokmakov | Urea and Urea Nitrate Decomposition Pathways: A Quantum Chemistry Study[END_REF] indicated that the most favorable urea decomposition pathway in gas phase leads to HNCO and NH 3 . However, to the best of our knowledge, urea has not been identified in gaseous state in SCR conditions.

In the present study, thermal decomposition is numerically investigated based on a semi-detailed kinetic scheme accounting not only for the production of NH 3 and HNCO but also for the formation of heavier by-products (biuret, cyanuric acid and ammelide).

Kinetic model

The state of aggregation of urea after the evaporation of water and during the thermal decomposition remains largely unknown [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF]. Kontin et al. [START_REF] Kontin | Heat and Mass Transfer accompanied by Crystallisation of single Particles containing Urea-water solution[END_REF] showed that the impact of oversaturation in UWS leading to urea precipitation can be significant at low temperatures. As a consequence, urea can be present in different forms (solid, dissolved, molten) depending on the operating conditions [START_REF] Wang | Morphological population balance model in principal component space[END_REF]. Urea, biuret as well as cyanuric acid start to decompose before melting, so that the existence of the molten phase is restricted to a quite narrow temperature range [START_REF] Koebel | Urea-SCR: a promising technique to reduce NOx emissions from automotive diesel engines[END_REF][START_REF] Schmidt | Verfahrenstechnische Probleme bei der Herstellung von Melamin aus Harnstoff bei Atmospharendruck[END_REF]. In the present study, the reactions are supposed to take place in solid phase. The development and validation of the kinetic model was performed using the AURORA application of CHEMKIN 4.1 software [START_REF] Kee R | CHEMKIN Release 4.1, Reaction Design[END_REF] which allows the simulation of a continuous stirred tank reactor. However, complementary calculations using several continuously stirred reactors (CSTR) in series were performed to investigate the impact of macro-mixing, which was found to be negligible in our case. This is not surprising since our kinetic model, which will be presented below, involves "one-way coupling" between gas phase and surface species. According to the mean field approximation, the species are assumed to be randomly distributed on a uniform surface. The urea site density of 5.3×10 -10 mol.cm -2 is deduced from a tetragonal crystal lattice constant of 0.56 nm [START_REF] Xue | Chemical Bond Analysis of Nonlinearity of Urea Crystal[END_REF]. The net rate of formation of k th species is given by [START_REF] Coltrin | SURFACE CHEMKIN : A Fortran Package for Analyzing Heterogeneous Chemical Kinetics at a Solide-Surface -Gas-Phase Interface[END_REF]:

, 1 1 exp ji Nspecies Nreactions v ai reaction k ki i j i j E r A Cs RT           [mol.cm -2 .s] (5.18) 
with  ki the stoichiometric coefficient of k th species in i th reaction. i A and , ai E are respectively the pre-exponential factor and activation energy of i th reaction and Cs j is the surface concentration of j th species. i A is linked to the pre-exponential factors i A of Table 19 via the site density 

1 i i ni A A     [cm 2ni-2 .mol ni-1 .s -1 ] (5.19)
ni represents the i th reaction order. The active surface is calculated from

1 initial Nspecies kk k k m S W      [cm 2 ] (5.20)
where  k corresponds to the number of sites occupied by each molecule of k th species. W k stands for the molecular weight of k th species.

The kinetic scheme used in this study consists of 12 steps (see Table 19). The first nine steps are related to urea thermal decomposition in dry media whereas the last three steps correspond to the thermal decomposition of urea obtained from UWS. Note that the impact of pH on thermo-hydrolysis kinetics [START_REF] Shaw | The Decomposition of Urea in Aqueous Media[END_REF][START_REF] Demartini | Conversion Kinetics for Smelt Anions: Cyanate and Sulfide[END_REF] was not considered in the present study. All rate constants, given in Table 19, were optimized independently to best match the experimental data. It could be achieved because for each single operating condition, species concentration profiles are generally sensitive to a small set of rate constants and the range of conditions investigated allows complementary reaction sets to be brought into play. This can be quantitatively substantiated using normalized sensitivity coefficients [START_REF] Aghalayam | Construction and optimization of complex surface-reaction mechanisms[END_REF] defined by

j i ij ji Cs A S Cs A    .
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The biuret decomposition yielding melt urea was considered to proceed in both directions (reactions R4 and R5). Thermodynamic consistency is guaranteed by computing the activation energy of R5 from that of R4 and the corresponding equilibrium constant. The backward steps corresponding to the other reactions are neglected. In particular, the uptake of HNCO(g) or H 2 O(g) in condensed phase was neglected in this study. Indeed, the presence of H 2 O in gas phase was shown to affect only slightly solid urea decomposition [START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF]. Reactions R1 and R10 involve "solid" and "aqueous" urea, which behave differently towards thermal decomposition [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF]. Previous studies [START_REF] Raunier | Experimental and theoretical study on the spontaneous formation of OCNion: reactivity between HNCO and NH 3 /H 2 O environment at low temperature[END_REF][START_REF] Brooker | Raman studies of cyanate: Fermi resonance, hydration and hydrolysis to urea[END_REF][START_REF] Wen | Rate constants for cyanate hydrolysis to urea: A Raman study[END_REF] indicate that the backward step of R1 can be of significance in our conditions. However, for simplicity purposes, we choose to only include the forward step of R1. The activation energies used in this modeling work for R1 and R10 are that recommended by Schoppelrei et al. [202]. Schoppelrei et al. [START_REF] Schoppelrei | Spectroscopy of Hydrothermal Reactions. 4. Kinetics of Urea and Guanidinium Nitrate at 200 -300 °C in a Diamond Cell, Infrared Spectroscopy Flow Reactor[END_REF] find a preexponential factor ranging between 2.19 × 10 7 and 3.98 × 10 7 s -1 . Note that these two parameters are obtained using two different reactors. The optimized pre-exponential factors for R1 and R10 lie respectively slightly below and above the values obtained by Schoppelrei et al. [START_REF] Schoppelrei | Spectroscopy of Hydrothermal Reactions. 4. Kinetics of Urea and Guanidinium Nitrate at 200 -300 °C in a Diamond Cell, Infrared Spectroscopy Flow Reactor[END_REF] (see Table 19).

The activation energy for NH 3 (g) production from NH 4 + (reaction R2) is close to the barrier of 41 kJ.mol -1 reported by Donaldson [START_REF] Donaldson | Adsorption of Atmospheric Gases at the Air-Water Interface. I. NH3[END_REF]. Reaction R11 corresponds to the sum of reactions R11a, R11b and R11c presented in Equations (5.15), (5.16) and (5.17). Rate data for this reaction are taken from Schoppelrei et al. [202]. Reactions R6 to R8 rely on the findings of Schaber et al. [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reactino vessel[END_REF] and Fang et al. [START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF]. The activation energy of reaction R7 is clearly different from that proposed by Lédé et al. [START_REF] Lédé | Simulation of the thermal cracking of biomass derived vapours, by the model reaction of decomposition of isocyanuric acid[END_REF], even if both corresponding rate constant values coincide at 647 K. This temperature lies in the range of conditions which is typical of cyanuric acid decomposition (see Figure 76). Note that the rate constant of Lédé et al. [START_REF] Lédé | Simulation of the thermal cracking of biomass derived vapours, by the model reaction of decomposition of isocyanuric acid[END_REF] was derived from experiments at temperatures higher than 700 K and that its applicability at lower temperatures is therefore not established. This issue is not critical in the present work but should deserve a dedicated study.

Coupling with evaporation models

The present kinetic model is coupled with the droplet and liquid film evaporation models for UWS droplets and / or liquid film. The evaporation of water and thermolysis of urea start at the same time but with different rates. Remaining water in UWS droplets may also participate to the thermolysis model (R11). In order to simplify the coupling between the evaporation and kinetic models, some assumptions are made. The kinetic model in the presence of water assumes the temperature of the liquid (droplet and/or film) to be the temperature calculated from the evaporation model. When water is evaporated completely, the decomposition continues with a new urea temperature equal to the temperature of the ambient gas. It is also assumed that the UWS particles follow the same criteria as pure water particles for the formation of liquid film. In this case, the solid particles impacting the wall behave like liquid particles. In the next section, some results of the evaporation and kinetic models are presented using the above hypotheses.

Results and discussions

The present kinetic scheme was validated over a wide range of operating conditions firstly using a 0D code (CHEMKIN software). The developed kinetic model is implemented in the 3D code IFP-C3D for the simulation of SCR systems. Complementary calculations for two experiments of Lundström [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] (cup and monolith) were performed using the 3D code (IFP-C3D). The experimental setups of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] are shown in Figure 74. For the cup simulation, a vertical channel with the dimension of 133 7 7 mm 3 is used with the nitrogen as the entering gas with a flow rate of 100 Nml/min. A uniform mesh of 65 4 4  cells is used. The initial gas pressure and temperature is 1 bar and 298 K. Inlet mass flow rate and temperature and outlet static pressure conditions are specified. The heating rate of 20 K/min is specified to the gas. The test cases are presented in Table 20. 3D simulation of the cup setup (Case 1) using IFP-C3D code yields very similar results to the 0D simulation carried out using CHEMKIN. The results of the solid urea thermolysis in the cup experiment are depicted in Figure 75 and Figure 76. The average mole fractions of ammonia and isocyanic acid have been obtained at the outlet of the channel for either cup or monolith experiments. Similar computations were performed for the monolith experiment of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF]. Similar conditions were applied to the monolith case with the heating rate of 10 K/min and 20 K/min for the gas. The results of the 3D simulation are compared with the experimental data of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] in Figure 77. Fairly good results are obtained from the 3D simulation. The results show the consistency of the 3D modeling for both solid and aqueous-urea thermolysis.

Figure 78 shows the by-products and the gaseous species obtained from the simulation of urea thermolysis from Adblue. In Figure 78(a), the mass of two initial components of Adblue (water and aqueous-urea) is presented. Both evaporation and thermolysis are active at 300 K with different rates. Water is completely evaporated at about 330 K, while the decomposition of aqueous-urea proceeds very slightly at this temperature. According to Figure 78(a) and (b), thermolysis of aqueous-urea accelerates near 400 K. At this temperature, biuret and then solid urea are being formed. Further heating leads to the formation of other by-products (CYA and ammelide) at higher temperatures (Figure 78(b)). The decomposition of aqueous-urea seems to be negligible at lower temperatures (less than 350 K). In order to simplify the model and to reduce CPU time, it could be a good approximation to assume that the thermal decomposition of urea begins after the complete evaporation of water. Figure 79 shows the results of the 3D simulation compared with the experimental data of Lundström et al. [START_REF] Lundström | Urea thermolysis studied under flow reactor conditions using DSC and FT-IR[END_REF] for case 3. According to Figure 79, urea decomposition is shifted to the higher temperatures compared to Figure 77 for lower heat rate. In fact, lower heat rates lead to the gradual thermolysis of urea and consumption of NCO -which begins at lower temperatures. Thus, less NCO -will be left at higher temperatures which lead to lower polymerization of heavier by-products. This behavior is well shown in Figure 77(b) and Figure 79(b) for temperatures more than 600 K. According to this result, it is preferable to operate at lower heating rates in order to avoid the formation of heavier by-products. 

Conclusions

In the present chapter, a new kinetic model for urea thermal decomposition has been used to predict UWS thermolysis. This model which contains 12 chemical reactions uses the Arrhenius form with the appropriate reaction constants optimized in CHEMKIN. The present model is validated against existing experimental data on both solid urea and Adblue thermal decompositions. The kinetic model has been implemented into the 3D code (IFP-C3D) with some more simulations. The following conclusions have been drawn:  The 0D and 3D simulations of solid urea and Adblue thermal decomposition show good agreement between the model and the experiments. The new kinetic model represents well the behavior of species in each phase.  It is shown that the heating rate affects the thermolysis. Decreasing the heating rate (10 K/min instead of 20 K/min) causes the HNCO production to occur at lower temperatures.  It is found that urea decomposition is negligible during the evaporation process of water especially at low temperatures. Hence, the thermolysis of urea occurs mainly after the evaporation of water. This fact could help to simplify the modeling processes in SCR systems.  The hydrolysis (R11) is active during the evaporation of water. After the complete evaporation of water from Adblue, hydrolysis would not be active and it has no effect on the decomposition process. In the present study, it is assumed that after evaporation of water from Adblue, there is no residual water in the particle (no hydrates). Some amount of residual water in the particle may affect the thermolysis of urea and formation of HNCO. Further investigations on the existence and stability of residual water in the particles, at the end of evaporation and during the thermolysis, is needed.  More experimental data (typically experiments of Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF]) could help to show more applicability of the new evaporation and kinetic models in realistic operating conditions.  In order to further improve the kinetic model, the two-way coupling of some reactions (like formation of NCO -from HNCO) could be considered. Also, the reactions leading to the polymerization should be further investigated.

Chapter 6

SCR system: Application of the models

Introduction

In the present Chapter, the proposed evaporation and thermal decomposition models developed and validated in the previous chapters are used to simulate the UWS conversion to ammonia in a typical automotive exhaust line upstream of the SCR system. The spray and deposited particles are investigated and the quality of the mixture is evaluated. The evaporation and decomposition models used in the exhaust line application demonstrate their use in analysis, design and optimization.

Description of the exhaust test cases

Thridimensional (3D) simulation of a basic portion of an exhaust system with spray injection of UWS, evaporation and thermal decomposition processes is performed in the present chapter using IFP-C3D code (Appendix E). Ammonia distribution at the entrance of the SCR monolith reactor as well as the formation of solid by-products is simulated. For simplicity, the initial gas flow is exclusively composed of molecular nitrogen. The liquid injected, (Adblue), is composed of 32.5% wt. urea solute in water. The schematic of exhaust pipe used in this study is illustrated in Figure 80. The pipe has a length of 250 mm and a diameter of 50 mm. The mesh of the exhaust test case is shown in Figure 81. The total number of cells is about 25000. The initial gas pressure and temperature are respectively 1 bar and 673 K. The inlet mass flow rate and temperature and outlet static pressure boundary conditions are specified. The initial gas mass flow imposed to the computation domain causes an oscillation in gas pressure from the inlet to the outlet of the domain. This pressure oscillation will then be stabilized after a small period. Since pressure oscillations occur in different operating conditions in exhaust line of engines, in this study, the injection starts while there are some oscillations in the computation domain. The injection parameters and test case specifications are summarized in Table 21. 

By-products production

Spray particles distribution

UWS spray injection into the gas flow is shown in Figure 82 and Figure 83. The individual droplet parcels follow the streamlines of the gas flow. Indeed, the gas momentum deviates the spray droplets in the flow direction towards the monolith reactor.

The distribution of water and aqueous-urea in Adblue droplets is shown in Figure 82(a) and (b). These figures show the deviation of water and aqueous-urea droplets from their initial values (d w /d w0 and d au /d au0 ) where d is the related diameter, w and au stand for water and aqueous-urea and 0 represents the initial value. According to Figure 82(a), water in droplets getting through the divergent is almost evaporated and hence the droplets, which can be seen near the outlet, contain less water (with a mass fraction less than 5%). The existence of water in UWS droplets at the outlet of the domain was also observed by Munnannur & Liu [START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF] and Yi [START_REF] Yi | Development of a 3D Numerical Model for Predicting Spray, Urea Decomposition and Mixing in SCR Systems[END_REF] in their numerical simulations. The reason that downstream the exhaust line some particles still contain water may be due to the relatively low gas temperature and/or the short residence time which is related to the distance between the injector and the monolith reactor. Figure 82(b) shows the dimensionless aqueous-urea diameter in droplets. According to this figure, due to the decomposition, aqueous-urea diameter decreases. However, as the decomposition is not complete, there are still a lot of droplets with high mass fraction of aqueous-urea, especially near the SCR monolith. It is seen that aqueous-urea particles can reach the SCR monolith (Figure 80) without complete decomposition. According to Figure 82(b), droplets reaching the SCR monolith contain approximately 68.8% of aqueous-urea. It means that during the passage in the exhaust line, less than 31.2 % of aqueous-urea has been decomposed. The reasons may be again the low gas temperature and/or short residence time. In practice, one way to ensure the successful evaporation and decomposition is to add a urea mixer in the exhaust line [START_REF] Yi | Development of a 3D Numerical Model for Predicting Spray, Urea Decomposition and Mixing in SCR Systems[END_REF][START_REF] Zheng | Mixer Development for Urea SCR Applications[END_REF]. However, at low temperature conditions, undesired deposits may form on the blades of the mixer [START_REF] Zheng | Mixer Development for Urea SCR Applications[END_REF]. The incomplete decomposition of urea has already been investigated numerically by Birkhold et al. [START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF], Munnannur & Liu [START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF] and Yi [START_REF] Yi | Development of a 3D Numerical Model for Predicting Spray, Urea Decomposition and Mixing in SCR Systems[END_REF] for different SCR systems. However, in the mentioned works, the decomposition of urea was assumed to lead to the formation of gaseous species (like ammonia) and not to the formation of by-products as observed experimentally [START_REF] Zheng | Mixer Development for Urea SCR Applications[END_REF].

Figure 83(a) to (d) show the production of solid by-products from urea decomposition obtained using the proposed kinetic model in chapter 5. The mass of each component can be represented by a relative diameter. Thus, the presented values in the figures show the ratio of related diameter of byproducts over the related diameter of aqueous-urea (d i /d au , where d is the related diameter, i stand for different by-products and au is aqueous-urea). The distribution of the by-products illustrated in Figure 83(c) to (f) seems not to be important for droplet particles, especially near the injector. The reason is that due to the low residence time, the droplets exit the domain without complete decomposition of aqueous-urea. However, since SCR systems in mobile applications operate under a range of engine speed and load conditions, such incomplete decomposition is possible in real systems in some operating conditions. In real engine operating conditions, aqueous-urea particles in spray may not completely be decomposed to by-products and gaseous species like ammonia. The presence of a kinetic model in IFP-C3D, that is able to predict the formation of by-products, can be a forward step towards more precise simulation of SCR systems especially for the cases with high amount of particles deposited on the wall of exhaust line.

Deposited particles distribution

Depending on different exhaust configurations and injection specifications, droplets impinging the exhaust wall may form a liquid film and/or a solid deposit. Figure 84 shows the water and aqueousurea liquid films mass fraction of the total UWS deposited on the wall. The results reveal that the particles deposited downstream of the injection contain 67.5%wt. water and 32.5% wt. aqueous-urea. This result shows that the evaporation of water does not take place during the impact of these particles on the wall. According to Figure 84(a), the contribution of water in deposited particles near the SCR monolith becomes less important (the deposited particles contain approximately 0.6% water near the SCR monolith). In this region, more than 99% of the deposited particles are composed of aqueousurea as can be seen in Figure 84(b). The formation of deposits downstream of the Adblue injection has also been observed experimentally and numerically in the literature [START_REF] Fang | Urea thermolysis and NOx reduction with and without SCR catalysts[END_REF][START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF][START_REF] Yi | Development of a 3D Numerical Model for Predicting Spray, Urea Decomposition and Mixing in SCR Systems[END_REF][START_REF] Strots | Deposit Formation in Urea-SCR Systems[END_REF][START_REF] Xu | Laboratory and Engine Study of Urea-Related Deposits in Diesel Urea-SCR After-Treatment Systems[END_REF][START_REF] Viswanathan | SCR Performance Optimization Through Advancements in Aftertreatment Packaging[END_REF]. Since the heat and mass transfer are usually limited by the surface area of the liquid film, it is better to decrease the deposition of particles on the wall. Although there are some numerical works simulating the deposition of particles on the wall, to our knowledge, there is no numerical work presenting the deposition of by-products and most of the works are limited to simulation of water and urea deposition. Some other chemical compositions of the deposits are shown in Figure 85(a) to (d). According to these figures, solid urea is produced more than other by-products due to the lower activation energy needed to be produced. Cyanuric acid (CYA), biuret and ammelide are other by-products that are produced from the decomposition process. It is very important to note that these by-products are formed in the divergent part of the domain where the contribution of water in deposited particles is very low. The deposition of solid species (urea and its by-products) especially when the gas temperature is not high enough, is one of the consequences of the incomplete decomposition at the inlet of the SCR monolith. Consequently, the deposits may block flow of the exhaust stream, causing back-pressure and impacting on the operation of the power system [START_REF] Kiser | SCR Reduction Deposit Removal[END_REF]. Since the deposits become very significant, the concentration of ammonia in the gas mixture will also be affected.

Besides the deposits and spray particle distributions, the distributions of the gaseous species may help to evaluate and optimize SCR system design. The results of the gas phase are presented in the next section. 

Gas phase distribution

In order to evaluate the parameters affecting ammonia production, the distributions of mean gas temperature, water vapor, ammonia and isocyanic acid are depicted in Figure 86. The contour plots are drawn at the outlet section (i.e. the inlet of the monolith). Figure 86(a) shows how gas temperature is affected by evaporation and thermal decomposition processes. The evaporation is known to be an endothermic phenomenon. Moreover, although there are some exothermic reactions in the set of reactions mentioned in Chapter 5, the overall decomposition reaction is endothermic. Thus, in the regions where particles are present, the temperature of the gas may decrease. It is shown that the maximum decrease in gas temperature is about 30 K. Munnannur & Liu [START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF] simulated the experiment of Kim et al. [START_REF] Kim | Numerical Prediction on the Characteristics of Spray-Induced mixing and thermal Decomposition of Urea solution in SCR system[END_REF] and obtained a maximum gas temperature drop of 30 K. As pointed out by Koebel and Strutz [START_REF] Koebel | Thermal and Hydrolytic Decomposition of Urea for Automotive Selective Catalytic Reduction Systems: Thermochemical and Practical Aspects[END_REF], the cooling effect due to the Adblue injection induces a temperature drop in the range of 10-20 K. This cooling phenomenon can adversely affect the decomposition rate. Figure 86(b) shows the water vapor mass fraction and corroborates the mentioned phenomenon: in regions with higher concentration of water vapor, lower gas temperature is obtained due to evaporation. Figure 86(c) and (d) show ammonia and iso-cyanic acid distribution produced during the decomposition. According to our model, the decomposition of urea competes with the evaporation of water, but with a much lower rate. Since water is completely evaporated from UWS, the rate of urea decomposition increases. As expected, Figure 86(c) and (d) show higher concentration of ammonia and iso-cyanic acid at the center of the exhaust line where more particles are present. In order to achieve high efficiency of the SCR system, ammonia and other species should have reasonably uniform distribution when entering the catalyst. One way to improve the spatial distribution of ammonia at the entrance of SCR monolith can be the use of a static mixing device [START_REF] Munnannur | Development and Validation of a Predictive Model for DEF Injection and Urea Decomposition in Mobile SCR DeNOx Systems[END_REF][START_REF] Zheng | Mixer Development for Urea SCR Applications[END_REF]. In the studied conditions, a small amount of iso-cyanic acid (compared to the production of ammonia) is due to the presence of water. In this condition, reaction R11 of Chapter 5 becomes predominant which decreases the production of iso-cyanic acid. Since there is no water in the particles (like the cup simulation presented in Chapter 5), more isocyanic acid will be produced. Other gaseous species (like CO 2 and HCN) are also produced during the decomposition process but in very low concentration. Both water vapor and ammonia are produced from spray droplets and hence, it is expected that ammonia and water vapor should be in the same regions (i.e. around the droplets). However, according to Figure 87(a) and (b), ammonia is produced closer to the SCR monolith. The reason is that due to the higher momentum of spray droplets compared to the water vapor, a spatial difference between the droplets and water vapor occurs and the droplets reach the SCR monolith faster than water vapor. Hence, ammonia is produced from these droplets which are closer to the SCR monolith. 
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Figure 91 shows the mass of water, aqueous-urea and by-products for particles deposited on the surface of exhaust pipe. According to Figure 91(a) and (b), water and aqueous-urea form a liquid film with a mass comparable to the mass of spray (more or less tenth of the mass of spray). Contrary to the spray droplets with high momentum passing through the exhaust pipe quickly, particles which are deposited on the wall stay in the domain for a longer time. According to Figure 91(c) and (d), solid urea and biuret are also produced, which shows the occurrence of evaporation and decomposition mechanisms for deposited particles.

The results of the simulation, illustrated in Figure 90 (for spray) and Figure 91 (for film), show different behaviors in evaporation, thermal decomposition and production of by-products for different cases due to differences in droplets dynamics and heat and mass transfer phenomena. The injection angles specified for Case 2 and especially for Case 3 contribute to increase the secondary flow and turbulence caused by the interactions between the droplets and the inlet gas flow. These stronger interactions reduce the evaporation duration and lead to a prompter decomposition process. Also, in Case 3 more droplets and film particles are present in the computational domain due to the interactions between the droplets and gas flow which quantitatively increases the evaporation and decomposition rates. 

Gas phase behavior

Figure 93 shows the mean mole fraction of ammonia at the outlet of the computational domain for the three different cases. Case 2 shows a higher ammonia concentration at the outlet in the given time range. Gas temperature effects and the presence of water in droplet are the most important phenomena contributing to ammonia production. The presence of water in droplets can increase the ammonia production trough reaction R11 of Chapter 5. As assumed in the proposed kinetic model, since water is present in UWS, the temperature of reactions is the temperature of liquid and not the temperature of gas. When water is completely evaporated, the liquid temperature used for the chemical reactions is switched to the gas temperature. With the mentioned hypothesis, the presence of water can limit the general rate of ammonia production due to the low liquid temperature applied to the model. The higher production of ammonia in Case 2 may be due to the fact that some droplets or film particles achieve faster the gas temperature because of higher spray-gas interactions. 

Mass flow rate

The quality of the gas mixture can be represented by the mass flux distribution of gaseous species, defined as [START_REF] Yi | Development of a 3D Numerical Model for Predicting Spray, Urea Decomposition and Mixing in SCR Systems[END_REF]:

... M is the mass flux of species i,  is the local density of the gas mixture, V is the local velocity, A is the cross section surface area and Y i is the mass fraction of species i. In the present study, Y i is defined as the maximum mass fraction of species. The maximum mass flux of ammonia and water vapor at the inlet of the catalyst (outlet of the computation domain) is presented in Table 22 for the three cases and at different calculation times. The initial mass of water is higher than initial mass of aqueous-urea. Thus, the mass of water vapor stays higher than mass of ammonia in all cases. In addition, water particles have completely been evaporated at the outlet while, the decomposition of aqueous-urea just starts here and is incomplete.

According to the data presented in Table 22 and Figure 93, Case 2 shows the highest ammonia mass flow rate, which indicates a better quality of the gas mixture. Jeong et al. [START_REF] Jeong S-J | Numerical Study on the Optimum Injection of Urea-Water Solution for SCR DeNOx System of a Heavy-Duty Diesel Engine to Improve DeNOx Performance and Reduce NH3 Slip[END_REF] showed that the injection angle of 90° has the best performance in term of ammonia conversion efficiency. In the present work, an injection angle of 60° shows higher gas mixture quality.

Conclusions

A 3D simulation of a simplified portion of an exhaust pipe containing the injection of UWS, evaporation of water and thermal decomposition of urea and by-products has been performed in the present chapter. The developed evaporation and decomposition models allow predicting the production of ammonia necessary for the SCR system. The following conclusions were drawn:

 The present model helps to predict the formation of by-products in spray and deposit particles. It is shown that in the conditions used in the present study, due to the short residence time, which is the case in real engines, incomplete decomposition leads to a small amount of heavy by-products in droplet and deposit particles.  Ammonia seems to be produced around the cooler water vapor regions and/or in hot zones downstream the injection.  The decomposition of urea and production of NH 3 start when the water is almost completely evaporated from Adblue droplets. This conclusion indicates that the evaporation of water may take a long time and subsequently prevents NH 3 formation before the arrival of the spray at the inlet of the monolith.  The numerical results for droplet and condensed phase species show the dependency of the SCR system to the injection characteristics and gas flow parameters.  The present computations show higher concentration of ammonia in the center of exhaust line at the inlet of the monolith. Ammonia distribution uniformity depends on the injection characteristics and gas flow parameters.  Low mass flow rates for ammonia obtained for different cases and for different times show the incomplete decomposition process in the studied conditions. Also, higher mass flow rate of water vapor at the inlet of SCR system reveals that the evaporation is almost completed near the end of the computation domain. This result justifies the assumption that the decomposition, which begins after the complete evaporation of water, is incomplete and there is no enough time for the ammonia production process. Hence, the lower mass flow rate for ammonia is obtained.  More 3D simulations of exhaust system with different injector types and some comparisons with the experimental data would help to validate the developed models over a larger range of conditions.
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Conclusions of Part II

The present part of the thesis manuscript focused on the physical and chemical processes appearing from the injection of urea-water solution to the entrance of the SCR system. For this purpose, some related numerical models are developed. An evaporation model for water from UWS (droplet and film) is suggested which takes into account the influence of the solved urea on water evaporation using NRTL model. A kinetic model containing 12 reactions, which covers thermal decomposition of either solid or aqueous-urea, is developed. The kinetic and evaporation models have been validated with some experimental data. The following general conclusions were drawn from the second part of the thesis:

 It is shown that the solved urea in UWS influences the physical behaviors of UWS. It increases the temperature of UWS by reducing the vapor pressure of the UWS. In addition, it decreases the evaporation of water due to the decrease in transport properties. However, it seems that urea has more influence on the temperature of UWS than the evaporation of water.  The numerical results of the evaporation and kinetic models are in good agreement with the experimental results.  0D and 3D simulations of the thermal decomposition of solid/aqueous urea point out the existence of by-products in different conditions.  The developed numerical models for evaporation and thermolysis allow the investigation of different processes in exhaust pipe line of internal engines. The proposed models help to evaluate the spatial distribution of ammonia as the reducing agent and other gaseous species.

In addition, the kinetic model allows the prediction of the by-products depositions produced from the urea thermolysis and formed on the exhaust pipes for any exhaust configurations.  In order to increase the accuracy of the simulations, further investigations on the evaporation and thermolysis phenomena are necessary.

Chapter 7

Conclusions and Prospective

Summary of the thesis

The thesis started by highlighting the importance of multi-component nature of fuels and its modeling effect on the mixture preparation and combustion in internal combustion engines. It was explained that a single-component model could not predict the contribution of the volatility of individual fuel components on the mixture preparation and combustion. Hence, a multi-component fuel evaporation model will improve the simulation results, and therefore will lead to less uncertainty in the prediction of the fuel vapor distribution especially in the zones with a large range of fuel volatilities. Two Lagrangian multi-component evaporation models for spray and liquid film have been developed in first part. Then, the advantages of the multi-component model have been demonstrated and the benefits of the developed models were illustrated by different simulation studies.

In the second part, the study of NOx reduction in exhaust line of diesel engine led to the developing of new evaporation and kinetic models which help to predict the spatial distribution of reducing agent at the entrance of SCR system. The models applicability has been presented using different case studies.

Concluding remarks

In the present section, the objectives of the work explained in different chapters are reviewed and the conclusions are presented.

Chapter 1 provided the information regarding the development of a discrete multi-component droplet evaporation model with new features concerning the transport properties. This model uses a Stephan velocity to ensure gas mass conservation and takes into account the enthalpy diffusion of species in addition to the conduction heat flux. The influence of high pressure on the transport properties has been taken into account using real gas EOS. It has been shown that the new evaporation model improves the evaporation rate of liquid droplets.

Chapter 2 was dedicated to the development of discrete multi-component liquid film evaporation. The conclusion that emerged from the model development is that the effect of wall temperature is more important than the effect of gas temperature on the film temperature and film evaporation. It was also shown that the real and ideal gas models have similar behavior in both droplet and liquid film models.
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Chapter 4 focused on the development of evaporation models for UWS droplets as well as liquid film. The evaporation models proposed in Chapter 1 and Chapter 2 were modified to take into account the effect of urea on the evaporation of water from UWS droplet and liquid film. It was concluded that the evaporation of water in the presence of urea is different from the evaporation of hydrocarbons and the influence of urea on the UWS temperature and evaporation rate should be considered in an appropriate evaporation model.

Chapter 5 introduced a kinetic model for the thermal decomposition of urea from UWS. The presented kinetic model was then coupled with the modified evaporation model of Chapter 4 to investigate both physical and chemical behaviors of urea and UWS during the evaporation and thermal decomposition processes. Aside from the simplicity, it has been shown that the developed kinetic model is able to simulate the deposition of by-products formed during the thermolysis of urea.

Chapter 6 simulated the distribution of ammonia and other gaseous species and also the formation of by-products in a typical exhaust system. It was concluded that the evaporation and kinetic models are very useful in real applications and can be used as a research tool for further investigations on the SCR DeNOx systems.

Recommendations for future work

Towards further improvement of droplet evaporation

The proposed droplet evaporation model is based on some hypotheses which simplify the evaporation model. In the proposed evaporation model, infinite thermal conductivity model has been considered with the uniform temperature profile inside the droplet. Temperature profile and internal recirculation inside the droplet could increase the accuracy of the developed model by influencing on the transport properties. Further investigations on the effects of "effective thermal conduction model" [START_REF] Kristyadi | Monodisperse monocomponent fuel droplet heating and evaporation[END_REF] on the evaporation and transport phenomenon is needed. Furthermore, taking into account the diffusion of species in the liquid phase can further improve the evaporation model [START_REF] Sazhin | A simplified model for bi-component droplet heating and evaporation[END_REF]. Developing a model which takes into account the transient effects in the gas phase especially for high pressure and temperature conditions is one of the challenges that future research should focus on. The present thesis assumed the droplets to be spheric. Further investigations on the non-spherical assumption of spray droplets especially for larger droplets are necessary. DNS Eulerian method could be used in the future in order to develop non-spherical droplets and ligaments evaporation. Droplet collisions modeling [START_REF] Tanguy | Application of a level set method for simulation of droplet collisions[END_REF], the effect of droplet-droplet interaction in dense spray on the evaporation [START_REF] Franckowiak | Numerical analysis of the interactions between evaporating droplets in a monodisperse stream[END_REF] and the influence of turbulence on droplet vaporization [START_REF] Berlemont | On the Lagrangian simulation of turbulence influence on droplet evaporation[END_REF] and combustion [START_REF] Birouk | Turbulence effects on the combustion of single hydrocarbon droplets[END_REF] are other challenges that could be investigated using the new evaporation model.

Liquid film evaporation

An investigation on the film-flame interaction phenomenon has been directed by Desoutter. Further investigations on the effects of multi-component fuel film on the film-flame interaction phenomenon in combustion chamber, especially for higher thickness of liquid film, is needed. Developing a laminar film evaporation model could be helpful in order to observe the behavior of liquid film in laminar zones.

Further investigations on the Equation of State

Real gas hypothesis applied for both droplet and liquid film evaporation models for hydrocarbon fuels using PR-EOS. Further research should concentrate on developing evaporation models with Chapter 7 Conclusions and Prospective 126 appropriate EOS which could better represent the physical behaviors of biofuels. For instance, the CPA-EOS (Cubic Plus Association) can be applied for this purpose.

DeNOx modeling

The proposed mechanism for UWS evaporation and thermolysis helps to simulate the exhaust system of internal combustion engines. It provides the powerful models which predict the concentration of different gaseous species as well as by-products at the entrance of SCR system. The present UWS evaporation and decomposition models are the first steps toward modeling the exhaust NOx after-treatment. The kinetic model can further be improved by studying the effect of residual water on the UWS. The hypotheses made for the coupling of evaporation and thermolysis model could further be improved. The contribution of the gaseous species, obtained from the present thesis work, in SCR-DeNOx system can be the new challenge for future works. At the present time, the most efficient method to predict NOx reduction could be the coupling of IFP-C3D with the existing IFP-Exhaust (1D) library (see Figure 94). Developing 3D model for SCR-DeNOx system and its coupling with the present models could be the future work on the SCR denitrification systems (Figure 94). 

Model validation

The present evaporation and thermolysis models have been validated with the existing experimental data. The validation of liquid film evaporation model is still necessary. Complementary validations for droplet and liquid film evaporation models at high pressure conditions could be the next steps towards the improvement of the proposed models. 

. Properties used for droplet modeling

Some properties like ρ g , μ g , D g , h i and λ g are calculated at the reference temperature T ref (Equation (1.30)) while others like ρ ∞ and μ ∞ are obtained at T ∞ . Density of the gas mixture is calculated from the ideal/real gas equation of state with the appropriate temperature. For the binary diffusion coefficient D g in the gas mixture, the correlation of Wilke and Lee [START_REF] Reid R | The properties of gases and liquids[END_REF] has been used. Then, the diffusion coefficient of each species into the gas mixture is obtained from the following relation: where D ai =D g for component i. Dynamic viscosity and thermal conduction coefficients (λ g (W.m -1 K -1 ) and μ g (Kg.m -1 s -1 )) are obtained at T ref : 

        (8.3)
μ ∞ is obtained from Equation (8.3) at the ambient temperature T ∞ . Specific heat of liquid at constant pressure C pf is calculated from the enthalpy gradient at the reference temperature T ref . Specific enthalpy h i for each component is obtained from the tabulated thermodynamic data like Burcat [START_REF] Burcat | Burcat's Thermodynamic Data[END_REF].

A.1.1. Molar liquid volume

For compressed liquids, the method of Hankinson-Brobst-Thomson (HBT) can be used. To estimate the molar volume of saturated liquids, method of HBT or Rackett can be used. In the method of HBT, the saturated liquid volume for the mixture is obtained by [START_REF] Thomson | An improved correlation for densities of compressed liquids and liquid mixtures[END_REF]: 
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Values of the constants are in Table 23. 
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A.1.2. Diffusion coefficient

The diffusion coefficient k D of species k in a mixture consisting of spec N species is the same as Equation (8.1) and will be [START_REF] Bird R | Transport Phenomena[END_REF]:

1 spec spec spec N kk k NN kk kk XW Y D XX W DD            (8.22)
where W indicates the molar mass of mixture and is defined as follows : Several methods for estimating k D  in binary gas systems were proposed by some authors.

Hirschfelder et al. [START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF] suggested a model to obtain the diffusion coefficient for binary and multicomponent mixture. In their model, the binary diffusion coefficients are given in terms of pressure and temperature. Shapiro [START_REF] Shapiro | Evaluation of diffiusion coefficients in multicomponent mixtures by means of the fluctuation theory[END_REF] derived general expressions for diffusion coefficients in multi-component non-ideal gas or liquid mixtures. The derivation is based on the general statistical theory of fluctuations around an equilibrium state. The matrix of diffusion coefficients is expressed in terms of the equilibrium thermodynamic characteristics of the mixture (such as molar densities and internal energy), as well as in terms of the newly introduced parameters, the penetration lengths. Gopalakrishnan and Abraham [START_REF] Gopalkrishnan | Effects of multi-component diffusion on predicted ignition characteristics of an n-heptane diffusion flame[END_REF] considered the species and thermal diffusion coefficients as functions of temperature, pressure, and composition. They used an approximate method based on the mixture-average formulation to compute the species transport. Brück et al. [START_REF] Brück | Numerical and Experimental Analysis of the Mass Transfer in Exhaust Gas Sensors[END_REF] applied the method of Fuller et al. [START_REF] Fuller | Diffusion of halogenated hydrocarbons in helium. The effect of structure on collision cross sections[END_REF] to calculate the diffusion coefficient of ammonia in air. This method was also applied by Kawano et al. [START_REF] Kawano | Numerical Simulation of Multicomponent Fuel Spray[END_REF] to control the spray and combustion processes in internal combustion engine, using the multi-component fuel with high and low volatilities. Ra et al. [START_REF] Ra | Effects of Fuel Physical Properties on Diesel Engine Combustion using Diesel and Bio-diesel Fuels[END_REF] used Chapman-Enskog kinetic theory (Skelland [START_REF] Skelland | Diffusional Mass Transfer[END_REF]) on diesel engine combustion characteristics with bio-diesel fuels.

The method of Fuller et al. [START_REF] Fuller | Diffusion of halogenated hydrocarbons in helium. The effect of structure on collision cross sections[END_REF] for the calculation of binary diffusion coefficient k D  is given by:

    1.75 2 1/ 3 1/ 3 1/ 2 0.00143 k k v v k T D PW          (8.24)
where, T is the temperature (in K), W  and k W are molecular weights of  and k ( / g mol ), P is pressure (bar), k W  is the average molar weight and v  is found for each component by summing atomic diffusion volumes defined in Table 25 [START_REF] Fuller | Diffusion of halogenated hydrocarbons in helium. The effect of structure on collision cross sections[END_REF]. 

A.1.3. Thermal conductivity

Many correlation methods for m  have been proposed where the six of them are the method of Filippov [START_REF] Filippov | [END_REF]250], Correlation of Jamieson et al. [START_REF] Jamieson | Liquid Thermal Conductivity: A Data Survey to[END_REF], correlation of Baroncini et al. [START_REF] Baroncini | Comparison between Predicted and Experimental Thermal Conductivity Values for the Liquid Substances and the Liquid Mixtures at Different Temperature and Pressures, Thermal Conductivity Measurement[END_REF][START_REF] Baroncini | Thermal conductivity of organic liquid binary mixtures: Measurements and prediction method[END_REF], method of Rowley [START_REF] Rowley R | A local composition model for multicomponent mixture thermal conductivities[END_REF], method of Li [255] and the method of Shi et al. [START_REF] Shi | Prediction method for liquid thermal conductivity of refrigerant mixtures[END_REF].

The first three methods are used for binary mixtures and are not suitable for multi-component mixtures [START_REF] Reid R | The properties of gases and liquids[END_REF]. Rowley's correlation requires the NRTL parameters from phase equilibrium data and Li's technique utilizes liquid volumes [START_REF] Reid R | The properties of gases and liquids[END_REF]. A simple method has been proposed to predict liquid thermal conductivities for refrigerant mixtures by Shi et al. [START_REF] Shi | Prediction method for liquid thermal conductivity of refrigerant mixtures[END_REF]. The liquid thermal conductivity for refrigerant mixtures predicted by this method is based on the thermal conductivities, the molecular weights, the critical temperatures, the dipole moments of the components and the mass and mole fractions of the components in the mixture. These data are not always available.

In this study, to obtain the thermal conductivity of the liquid mixture, method of Li [255] is used. Li proposed the following correlation:

11 NN m i j ij ij        (8.25) with   1 11 2 ij i j       (8.26) , , 1 L i l i i N j l j j XV XV     (8.27)
, il X is the mole fraction of component i, and i  is the superficial volume fraction of i. i V is the molar volume of the pure liquid. For a binary system, Equation (8.25) becomes To obtain the thermal conductivity of the liquid mixture, the thermal conductivity of each liquid component is needed. One can use the boiling-point method of Sato [START_REF] Reid R | The properties of gases and liquids[END_REF] as follows: 

A.1.4. Viscosity

Dabhoiwala et al. [START_REF] Dabhoiwala R | A Methodology to Estimate the Mass of Particulate Matter Retained in a Catalyzed Particulate Filter as Applied to Active Regeneration and On-Board Diagnostics to Detect Filter Failures[END_REF] assumed that the dynamic viscosity of the exhaust gas mixture with eight species is a function of the exhaust temperature and the mole fraction of the species in the exhaust. Using this assumption, they obtained the dynamic viscosity of the mixture. Qin et al. [START_REF] Qin | Global solutions of real compressible reactive gas with density-dependent viscosity and self-gravitation for higher-order kinetics[END_REF] assumed that the viscosity depends on the density. In their work, the existence of global solutions for the free boundary problem with species diffusion in dynamic combustion was established with this assumption.

Guo et al. [259] presented two viscosity models based on PR-EOS (Equation Of State) and PT-EOS. They found that their EOS-based viscosity model is capable of satisfactorily describing pure component hydrocarbon viscosity but poorly predict viscosity of hydrocarbon mixtures. Later, Guo et al. [START_REF] Guo | Equation of state analog correlations for the viscosity and thermal conductivity of hydrocarbons and reservior fluids[END_REF] modified PR-EOS-based viscosity model to predict the viscosity behavior of hydrocarbon mixtures.

Adel M. Elsharkawy [START_REF] Elsharkawy A | Efficient methods for calculations of compressibility, density and viscosity of natural gases[END_REF] modified the viscosity correlations presented by Lee-Gonzalez-Eakin [262], using viscosity measurements, to account for the presence of heptane plus fraction and nonhydrocarbons.

Ra et al. [START_REF] Ra | Effects of Fuel Physical Properties on Diesel Engine Combustion using Diesel and Bio-diesel Fuels[END_REF] used Correlation from Chung and coworkers [START_REF] Chung | Generalized multiparameter correlation for nonpolar and polar fluid transport properties[END_REF][START_REF] Chung | Applications of kinetic gas theory and multiparameter correlation for prediction of dilute gas viscosity and thermal conductivity[END_REF] to obtain the gas viscosity on diesel engine combustion characteristics with bio-diesel fuels.

There are some estimation methods presented in Ref. [START_REF] Reid R | The properties of gases and liquids[END_REF] to obtain the gas viscosity such as Herning & Zipperer, Wilke, Reichenberg, Chung and Lucas methods. The first three methods use the kinetic theory approach and yield interpolative equations between the pure component viscosities. Reichenberg's method is most consistently accurate, but it is the most complex. To use this method, one needs, in addition to temperature and composition, the viscosity, critical temperature, critical pressure, molecular weight and dipole moment of each constituent. Other methods require only the pure component viscosities and molecular weights. Both Chung and Lucas methods provide estimation methods to cover the entire range of composition. In these two approaches, the technique is not interpolative between pure component viscosities. In the exhaust gas mixture, we do like to use the method of Chung for the gas mixture [START_REF] Reid R | The properties of gases and liquids[END_REF]. This method is suitable, if critical properties are available for all components. The mixture viscosity in the method of Chung et al. [START_REF] Reid R | The properties of gases and liquids[END_REF] 
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and the combining rules are: Appendix B.

Vapor-Liquid Equilibrium

At the liquid-gas interface, for every component i in the mixture, the condition of thermodynamic equilibrium is given by [START_REF] Reid R | The properties of gases and liquids[END_REF]:

vl ii ff  (9.1)
where f is the fugacity. The exponents v and l stand for vapor and liquid phases respectively. The fugacity of a component in a mixture depends on the temperature, pressure and composition of that mixture. Reid et al. [START_REF] Reid R | The properties of gases and liquids[END_REF] introduced the fugacity coefficient i  as follows:

i i i f XP   (9.2)
where X i is the mole fraction of component i and P is the total pressure. Assuming a non-ideal solution, the surface mole fraction of the droplet can be determined using the thermodynamic equilibrium condition for the partial vaporization at the given temperature and pressure as [START_REF] Vidal | Thermodynamics: Applications in chemical engineering and the petroleum industry[END_REF]: 

RT P V b V kb V k b      . ( 9.4) 
An equivalent form of Equation (9.4) is: In Equation (9.5), Z is the compressibility factor which represents the deviation from the ideal gas model. One of the well-known cubic equations is the Peng-Robinson (PR) equation [START_REF] Peng | A New Two-constant Equation of State[END_REF]. For this equation, k and k ' take on the integer values of 2 and -1 respectively. The two parameters of a m and b m are obtained from the mixing rules:
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where for pure components: In the above Equations, R is the universal gas constant, ω i , T c,i and P c,i are the acentric factor, critical temperature and pressure of component i and ij k is the binary interaction parameter which is assumed to be zero for hydrocarbon mixtures [START_REF] Reid R | The properties of gases and liquids[END_REF]. From the Peng-Robinson equation of state, the fugacity coefficients will be:
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The mole fraction of each component is obtained from Equation (9.3) and Equation (9.14) with an iterative method. The latent heat of vaporization for each component, L v,i (T d ), can be calculated from the fugacity at constant pressure and composition of mixture, by:
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where W i is the molar weight of component i. The latent heat of vaporization for the liquid mixture, L v,g (T d ) used in Equation (1.7), is determined from the following mixing rule:
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In the case of an ideal fluid mixture, the thermodynamic equilibrium condition at the liquid-gas interface is expressed by Raoult's law: , , , i g i l v i X P X P 

where P v,i (T d ) is the vapor pressure of species i at the droplet temperature. The mass fraction of each component is obtained from the mole fraction by:

i ii W YX W  (9.20)
where W is the mean molecular weight given by the following mixing rule:
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Appendix C.

Hirschfelder's law by mass fraction gradient

The Hirschfelder's law for multi-species gas is as follows [START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF][START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF][START_REF] Giovangigli | Multicomponent Flow Modeling[END_REF]:

  i i im i V X D X    (10.1)
Considering the following relation between the mole and mass fraction of a species i : 

  1 i i i ii W X Y WY WW         (10.3)
In Equation (10.3), W is the molar weight of the gas mixture which is a function of mass fraction of all species in the gas. For the species with close molar weights, it may be a good approximation to assume that the molar weight of gas mixture is constant. In this case, W exits from the definition of mass fraction gradient. In order to use the Hirschfelder's law for the species with different molar weights, the molar weight of gas mixture could not be constant. Thus, a new expression for the Hirschfelder's law is needed. For the binary mixture, we assume that the molar weight of mixture is expressed as: The right hand side of the above Equation can be written as: (10.11) or in the simplified form: into Equation (10.12) gives the Fick's law for the binary system: V Y D Y    (10.14) The same procedure for multispecies system gives the following expression for the Hirschfelder's law as: where  represents the shear tensor, and g the gravity acceleration.
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-Conservation Equation of the energy I of the gas: .(

) . . 

D.2. Hypothesis of resolution

To develop the wall laws, classical hypotheses mentioned in section 2.3, will be used. First, we assume that the gas is incompressible.

D.3. Mass conservation of the gas

Applying the mentioned hypotheses, mass conservation equation of the gas (Equation (11.2)) will be: 

D.4. Mean movement conservation

Using the mentioned hypotheses, conservation equation of the mean movement (Equation (11.3)) will be:

. () mt u v u y y y            (11.6) where t  is turbulent viscosity that could be modeled according to the Prandtl mixing-length theory: where k indicates the Karmann's constant. After integration, one obtains: K indicates a constant of integration determined with the boundary condition for the tangential velocity of the gas on the surface of the film ( 0) s u y u  and for its normal gradient where , s uv  and T  are defined as follow ( T  will be used in the next sections):  are respectively the mass specific heat capacity at constant pressure for the mixture and the heat flux between the gas flow and the film at the liquid-gas interface.

D.4.1. Inertial turbulent sub-layer

In the inertial sub-layer, laminar viscosity of the gas g  is negligible against the turbulent viscosity t  . Thus, Equation (11.10) reduces to: A new integration in the inertial sub-layer, i.e. from lt y  to y  , gives the following relation: 

D.4.2. Laminar sub-layer

In the laminar sub-layer, turbulent viscosity t  is negligible against laminar viscosity of the gas m  .

Thus, Equation (11.10) reduces to: After integration, one obtains the mean dimensionless transversal velocity u  in the laminar sub-layer: where 2

K is a constant of integration.

Besides, on the surface of the liquid film, the mean dimensionless transversal velocity s u  is zero.

Consequently, in the laminar sub-layer, one theoretically has: 

D.4.3. Assessment

An expression of the mean dimensionless transversal velocity at the laminar-turbulent transition lt u  can be obtained. Substituting Equation (11.22) in to Equation (11.17) gives an expression for the new effective variable eff U  in the inertial turbulent sub-layer. Equation (11.22) 11.25) where 1
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K indicates a constant of integration that will be obtained with the conservation of mass at the liquid-gas interface 

D.6. Conservation of energy

Using the mentioned hypotheses, conservation equation of energy, (Equation (11.4)), will be:

  , , 1 
.

()  represents the thermal conductivity of the gas. Pr l is the laminar Prandtl number of the gas mixture and maybe obtained by the Lee-Kesler mixing rule [START_REF] Lee | A generalized thermodynamic correlation based on three-parameter corresponding states[END_REF]. A first integration leads to: 

N

D.6.1. Inertial turbulent sub-layer

In the inertial sub-layer, laminar thermal diffusion of the gas g  is negligible against the turbulent thermal diffusion t  . Thus, Equation (11.42) 

D.7. Improvement of the wall laws with respect to DNS

In the previous sections, the wall laws associated with the new effective variables eff U  , ,, eff i g Y  and eff T  were modified from the established effective variables by Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. During his development, the four following parameters were used: turbulent Schmidt number t Sc , turbulent Prandtl number Pr t , the constant of Karmann k and the distance between the surface of the film and the laminar-turbulent transition lt y . Desoutter [40] has defined (and added to the effective variables) three parameters obtained by comparing the wall law with the DNS results. These parameters ( u C , T C and Y C ) depend on the evaporated flux and the gradient of density and are used to replace k by indicate henceforth of true constants [START_REF] Amsden | Kiva-II: A Computer Program for Chemically reactive Flows with Sprays[END_REF]. In the present study, resolving the multi-component gas phase governing equations using the above corrected parameters leads to the following dynamic, mass and thermal effective variables: 

D.8. Compressibility modification

In Equations (11.55) to (11.57), the gas is assumed to be incompressible. In fact, this assumption was kept for the development of the wall laws in order to be able to integrate analytically the gas phase governing equations. However, hypothesis of incompressibility of the gas is not absolutely justified. Indeed, thermal and mass fractions gradients may be important at the surface of an evaporating liquid film. The compressibility of the gas applying the LnKc [START_REF] Angelberger | Contributions a la modélisation de l'interaction flamme-paroi et des flux parietaux dans les moteurs a allumage commande[END_REF] formulation in the developed wall laws is shown by Desoutter et al. [START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF].

Therefore, in order to take into account the compressibility of the gas and the gradients of viscosity, the variables defined by Equations (11.55) to (11.57) are associated with the LnKc [START_REF] Angelberger | Contributions a la modélisation de l'interaction flamme-paroi et des flux parietaux dans les moteurs a allumage commande[END_REF] model to obtain the following variables: , li Sc is the laminar Schmidt number of each component which is calculated in the next section.

Notice that in the limit of small evaporation rate and gradients of density and viscosity, the wall laws given by Equations (11.65) to (11.67) reduces to the standard wall functions [START_REF] Launder | The Numerical Computation of Turbulent Flows[END_REF].

D.9. Calculation of laminar Schmidt number

Contrary to the droplet evaporation modeling which uses the modified Stephan velocity to ensure gas mass conservation equation, film evaporation modeling encounters some difficulties using the same method. In order to ensure gas mass conservation equation in the film modeling, a parameter named laminar Schmidt number is defined. The laminar Schmidt number of fuel component in the airfuel mixture , li Sc which was used in the wall law, is obtained considering the Schmidt number of species i Sc . Thus, simple diffusion of species, which is used in this study, is modified by the complex diffusion of species.

The 
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and the following parameters are introduced in order to remove the mass fraction gradients: 
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 1 Figure 1: Schematic of Combustion chamber and Engine exhaust pipe line as a complementary part.
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 2 Figure 2: Principle phenomena (fuel injection, droplet and liquid film formation, evaporation and combustion) in a combustion chamber
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 3 Figure 3: Schematic of a SCR system
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 4 Figure 4: Schematic of isolated droplet suspended on (a) vertical fiber with large diameter (D≈150 µm), (b) experiment of Chauveau et al. [73]: crossed fiber with very small diameter (D=14 µm)
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 5 Figure 5: The schematic of droplet with the gaseous film region around it.
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 6 Figure 6: Energy balance at the Liquid-Gas interface.
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 7 Figure 7: Variation of compressibility factor of Methane (P c = 46 bar, T c =190.4 K) with reduced pressure and temperatures

Figure 8 .

 8 According to Figure 8(a), which shows the compressibility factor and operating conditions for a typical diesel fuel (dfl1 with P c = 19.6 bar and T c = 717.5 K), the use of real gas model for Diesel engine simulation is fully justified. Diesel engine in normal condition (normal load) operating from atmospheric pressure to approximately 150 bar has an enormous deviation from ideal gas solution. At the cold start condition in diesel engines, the non-ideality is still dominant. On the contrary, gasoline engines work in conditions with lower non-idealities as shown in Figure 8(b) for a typical gasoline fuel (gfl1 with P c = 34 bar and T c = 543 K).
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 8 (a) dfl1, typical diesel fuel (b) gfl1, typical gasoline fuel Figure Different Zones observed in combustion chamber on internal engines.
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 9 Figure 9: Droplet evaporation model flowchart
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 10 Figure 10: Temporal variation of the normalized droplet squared diameter for n-heptane
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 1112 Figure 11: Comparison of n-heptane droplet vaporization with the experiments of Chauveau et al. [73] and Nomura et al. [21] and the model of Abramzon & Sirignano (AS-1989) [16] ( 0.1 P MPa   , normal gravity).

Figure 13 :

 13 Figure 13: N-heptane droplet vaporization at very low ambient temperatures ( 0.1 P MPa   , normal gravity).

Figure 14 :Figure 15 :

 1415 Figure 14: Comparison of the vaporization rate of n-heptane droplet with the experiment of Chauveau et al. [73] and the model of Abramzon & Sirignano (AS-1989) [16] ( 0.1 P MPa   , micro-gravity, 2 0 10 gg  ).

Figure 18 (

 18 Figure18 (a) shows the ratio of conduction heat flux to the enthalpy diffusion heat flux for nheptane droplet in the temperature range of 473 K to 973 K. In this Figure, the enthalpy diffusion heat flux represents 55 to 75% of the conduction heat flux for the mentioned temperatures. One can obviously conclude that the contribution of the enthalpy heat flux on the total gas heat flux could not be neglected in a droplet evaporation model.

Figure 18 (

 18 Figure18(b) and (c) shows the heat fluxes in the gas and liquid phases. The heat fluxes due to conduction and enthalpy diffusion of species have not the same behavior in the heating-up period. Indeed, the heat flux due to conduction decreases as the droplet temperature increases, whilst the enthalpy diffusion of species increases as the surface mass fraction of liquid increases. Since the temperature of the droplet reaches a constant value (at the beginning of the vaporization period), there is no more heat flux inside the droplet. In this situation, the heat flux from the gas to the liquid, which is dedicated to vaporize the droplet, begins to reduce gradually due to the reduction of both conduction heat flux and heat flux due to the enthalpy diffusion of species. According to Figure18(b) and (c), in the vaporization period, the conduction, the enthalpy diffusion and consequently the total gas heat flux decrease due to the decrease in droplet surface area.

Figure 19 (

 19 Figure 19 (a) and (b) shows the effects of new features in the droplet evaporation model. The most precise results are obtained using enthalpy diffusion heat flux in the evaporation model. At sub/supercritical ambient temperatures (473 K and 973 K respectively), different behavior in evaporation rate using enthalpy heat flux are observed. At 473 K the effect of enthalpy heat flux is more significant in the evaporation rate of n-heptane droplet. Indeed, using just the enthalpy heat flux could not represent the behavior of droplet evaporation in the gaseous environment.

Figure 16 :

 16 Figure 16: Droplet Temperature for different gas temperatures at the normal gravity condition and ( 0.1 P MPa  ). The droplet initial diameter is 400 µm.

Figure 17 :

 17 Figure 17: Wet-Bulb Temperatures as a function of gas temperatures for n-heptane droplet, ( 0.1 P MPa  ).

Figure 18 :Figure 19 :Figure 20 :

 181920 Figure 18: Heat flux in gas and liquid phases along with the surface mass fraction of n-heptane droplet with real gas EOS at normal gravity condition, ( 0.1 P MPa  ).

Figure 21 :

 21 Effect of averaging parameter (A r ) on evaporation of n-heptane droplet at normal gravity (

Figure 22 :

 22 Figure 22: High-pressure vaporization at normal gravity; ideality and non-ideality comparisons

Figure 23 :

 23 Figure 23: Phase envelope diagram for N-heptane/Nitrogen mixture

24 :

 24 (a) 70% n-heptane, 30% n-decane, Fitted : 65% nheptane, 35% n-decane (b) 30% n-heptane, 70% n-decane (c) New model : 70% n-heptane, 30% n-decane, Fitted : 65% n-heptane, 35% n-decane Figure Comparison of vaporization rate of droplet with real gas EOS and normal gravity condition with the experiment of Birouk [122] and the model of Abramzon & Sirignano (AS-1989) [16]

  (a) 20% by volume of methanol, ethanol, 1-butanol, n-heptane and n-decane.(b) 30% by volume of methanol, 20% ethanol, 20% 1butanol, 15% n-heptane and 15% n-decane.

Figure 25 :

 25 Figure 25: Comparison of five-component droplet vaporization with the experiments of Brenn et al.[START_REF] Deviprasath | Evaporation of acoustically levitated multi-component liquid droplets[END_REF] 

Figure 26 :

 26 Figure26: Physical phenomena that may occur during the impact of a spray on a wall[START_REF] Habchi | Développement de modèles d'atomisation secondaire et d'interactions sprayparoi en LES décrits par une approche Lagrangienne dans AVBP[END_REF].

2 )

 2 In the above Equations, p  and ,, v p m C are respectively the liquid particle density and the specific heat coefficient at constant volume for the mixture and p T is the mean liquid particle temperature. a Q denotes the internal energy brought to the film by the impact of the droplets by unit time and by unit area. This term, ( a Q ), can be found in the literature[35, 36, 38, 39]. The terms , pw  and , ps  are the diffusive heat flux in the liquid, respectively at the wall and at the liquid-gas interface. Equation (2.1) was written using a control volume defined by the liquid film thickness p h and its wetted area p S on the wall (Figure27).

Figure 27 :

 27 Figure 27: Liquid film particle on the wall

Figure 28 :

 28 Figure 28: Definition of reference area for the local thickness calculation. The liquid film is represented by a number of parcels in the framework of the Lagrangian approach.

Figure 29 :

 29 Figure 29: Temperature profiles in the liquid film

16 )

 16 In order to express Equation (2.16) as a function of the mean liquid temperature p T , the mean internal energy e p I is written in the following form: Chapter 2 Multi-component liquid film evaporation

  [START_REF] Lee | Continuous Multicomponent Fuel Film Vaporization Model for Multidimensional Engine Modeling[END_REF] where eff   , eff   and , eff i   are the dynamic, thermal and mass effective variables. , the normalized distances from the liquid film surface to the laminar-turbulent transition, respectively, for the dynamic, thermal and the liquid mass fraction boundary layer. Their values are assumed to be the same as in the single-component wall laws. u C , T

L

  denote the RANS mean value of a variable X in the wall cell and the size of the cell in the normal direction to the wall. In this case, the thermal wall law is implemented by resolving Equation (2.29) inside the grid cell adjacent to the wall. The resolution of Equation (2.29) gives the gas heat flux , gs  at the film surface, as shown below.Using Equations(11.60),(11.57),(11.63) and(11.66) gives the explicit profile of gas temperature in the boundary layer:

  , gs  as a function of the film surface temperature , ps T and the dimensionless Stephan velocity s v  is obtained: 51) and (2.37), are calculated through the temperature profile   Ty (Equation (2.30)) and mass fraction of liquid   , ig Yy (Equations (2.47)). These profiles are evaluated explicitly. The discretized form of Equation (2.37) is then written in the following form:

( 2 . 40 )

 240 Chapter 2 Multi-component liquid film evaporation 40 2.7 Determination of the surface temperature Using Equations (2.37), (2.12) and (2.23), which give , gs  , the surface temperature of a particle , ps T and pT respectively, one obtains a discretized expression for the temperature at the liquid-gas interface , ps T as a function of dimensionless Stephan velocity:

  53) where   u P   indicates a function that allows to simplify the model of LnKc in Equation (11.62):

Figure 30 :

 30 Figure 30: Flowchart of the film evaporation model

Figure 31 :

 31 Figure 31: Schematic of the turbulent channel test case

  (b), the most volatile component (C 5 H 12 ) has completely evaporated while the other components continue to evaporate more slowly. The single-component fuel having an approximately constant evaporation rate can not reproduce the change of evaporation rate of threecomponent fuel.

Figure 32 :Figure 33 :Figure 34 :

 323334 Figure 32: Mean liquid film mass (Case 1, Ideal gas model)

Figure 35 :

 35 Figure 35: Mean film mass for C 6.55 H 15.11 for different gas pressures (T gas = 400 K, T wall = 320 K).

Figure 36 :

 36 Figure 36: Mean film temperature for C 6.55 H 15.11 for different gas pressures (T gas = 400 K, T wall = 320 K).

Figure 37 :

 37 Figure 37: Mean film mass and temperature for three-component fuel for different gas pressures (T gas = 400 K, T wall = 320 K).

Figure 38 :

 38 Figure 38: Ambient gas temperature effect on the evaporation (P = 1 bar, T wall = 320 K).

Figure 39 :

 39 Figure 39: Wall temperature effect on the evaporation (T gas = 400 K, P = 1 bar).

Figure 40 :

 40 Figure 40: Initial film thickness effect on the evaporation (Case 1, Ideal gas model)
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Figure 41 : 56 (

 4156 Figure 41: Case 1: Contour of fuel components vapor mass fraction for Time = 100 ms.

Figure 42 :Figure 43 :

 4243 Figure 42: Case 1: Contour of fuel components vapor mass fraction for Time = 500 ms.

Figure 44 :

 44 Figure 44: The schematic of a jet from an injector nozzle type piezoelectric impinging on a wall.

Figure 45 :Figure 46 :

 4546 Figure 45: Schematic of injected hollow cone spray (spray thickness and spray angle).

Figure 47 :

 47 Figure 47: The mesh used in 3D calculation

Figure 48 :Figure 49 :

 4849 Figure 48: Mean liquid film thickness (Reference case, T gas = 673 K), averaged over the entire film

Figure 50 :

 50 Figure 50: Mean liquid film thickness, Case 3 (T gas = 453 K), averaged over the entire film

Figure 51 :Figure 52 :

 5152 Figure 51: Mean liquid film thickness: effect of SMR

Figure 53 :

 53 Figure 53: Mean liquid film thickness: effect of the roughness of the plate

Figure 54 :

 54 Figure 54: Instantaneous film thickness for an injection of iso-octane (piezoelectric injector) obtained at 1 ms.Reference condition:  cell =6.5kg/m 3 , T cell =673 K, t inj =500µs, P inj =200bar.

Figure 55 :Figure 56 :

 5556 Figure 55: Mesh of one-sixth sector of the cylinder of the engine with NADI concept Figure 56: Fuel injection in combustion chamber

Figure 57 :

 57 Figure 57: Liquid Spray parameters

Figure 58 :

 58 Figure 58: Liquid film parameters

Figure 59 :

 59 Figure 59: Pressure and Temperature in Combustion Chamber

  (a) Ideal gas model and single component (b) Real gas model and single component (c) Ideal gas model and multi-component (d) Real gas model and multi-component

Figure 60 :

 60 Figure 60: Fuel vapor mass fraction at -7° CA

Figure 61 :

 61 Figure 61: Fuel vapor mass fraction at -3° CA

Figure 62 :

 62 Figure 62: Liquid fuel mass at -7° CA

Figure 63 :Figure 64 :

 6364 Figure 63: Liquid fuel mass at -3° CA

Figure 65 :Figure 66 :Figure 67 :

 656667 Figure 65: Spray parameters (liquid mass and mass fraction of components)

Figure 68 :

 68 Figure 68: Schematic of exhaust pipe line (Photo from internet site of VALTRA Inc).

Figure 69 :

 69 Figure 69: Schematic of a SCR system in exhaust pipe line (Photo from internet site of VALTRA Inc.).

) could be simplified to the

  

Chapter 4 Figure 70 :

 470 Figure 70: Vapor pressure diagram for urea-water solution at different temperatures and different mole fraction of urea in liquid phase.

Figure 71 :

 71 Figure 71: Comparison of water droplet vaporization with (NRTL model) and without (pure water) presence of urea

Figure 72 : 15 :

 7215 Figure 72: Chemical structure of Urea

Figure 73 :

 73 Figure 73: Two different ways for thermal decomposition of solid or liquid urea with reaction rates r i and corresponding enthalpies ∆H (a) with gaseous urea (b) without gaseous urea [13].

Figure 74 :

 74 Figure 74: Experimental setups of Lundström et al. [59, 227].

Figure 75 :Figure 76 :

 7576 Figure 75: Comparison of numerical simulations and experiments of Lundström et al. [59] for solid urea in cup (Case 1).

Figure 77 :

 77 Figure 77: Comparison of 3D simulation and experiment of Lundström et al. [59] for aqueous-urea in monolith (Case 2).

Figure 78 :

 78 Figure 78: By-products and other gas species in the monolith experiment (Case 2).

Figure 79 :

 79 Figure 79: Comparison of 3D simulation and experiment of Lundström et al. [59] for aqueous-urea in monolith (Case 3).

Figure 80 :Figure 81 :

 8081 Figure 80: Schematic of the simulated exhaust system (not to scale)

  (a) Dimensionless water droplets (d w /d w0 ), d w0 is the initial equivalent water droplet diameter (b) Dimensionless aqueous-urea droplets (d u /d u0 ), d u0 is the initial equivalent aqueous-urea droplet diameter

Figure 82 :

 82 Figure 82: Distribution of water and aqueous-urea fraction in UWS spray droplets injected into the exhaust system for Time = 0.01 s

  (a) Urea particles distribution (b) Biuret particles distribution (c) Cyanuric acid (CYA) particles distribution (d) Ammelide particles distribution

Figure 83 :

 83 Figure 83: Dimensionless related diameter for solid by-products (a) urea, (b) biuret, (c) CYA, (d) ammelide in UWS spray particles in the computational domain at Time = 0.01 s

  (a) Water liquid film mass fraction in respect to the total UWS deposited on the wall (b) Aqueous-urea liquid film mass fraction in respect to the total UWS deposited on the wall

Figure 84 :Figure 85 :

 8485 Figure 84: Mass fraction of Water and Aqueous-urea liquid film and deposited particles on the wall. Time = 0.01 s

  (a) Gas temperature (b) Water vapor mass fraction (c) Ammonia mass fraction (d) HNCO mass fraction

Figure 86 :

 86 Figure 86: Contour plots at Time = 0.007 s

(a) Case 1 (b) Case 2 (c) Case 3 Figure 88 :Figure 89 :

 1238889 Figure 88: Schematic of the simulated exhaust system (not to scale)

Figure 91 :

 91 Figure 91: Mean mass of water, aqueous-urea and by-products deposits in the wall of the computational domain.

Figure 92 :

 92 Figure 92: Pressure oscillations in the computation domain (Case 1)

Figure 93 :

 93 Figure 93: Comparison of NH 3 mole fraction at the outlet of computation domain for three cases
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Figure 94 :

 94 Figure 94: Proposition for future work on exhaust system

N

  is the number of species of gas phase. In Equation(8.22), k D  indicates the binary diffusion coefficient of the species  into the species k.



  is thermal conductivity of pure liquid, , c b T T and W are the critical temperature, normal boiling point temperature and the molecular weight of pure liquid respectively.

  Equation (10.1) as:

  and turbulent diffusion coefficients respectively and i denotes the components of fluid.-Mass Conservation Equation for the mixed gases:

  J represents the heat flux vector and generally defined as

  the normal direction of liquid film in the boundary layer. As it is supposed that the gas is incompressible, the normal velocity to the film v is constant in y direction and is equal to Stephan velocity s v .

  dimensional coordinate y  is defined using the characteristic length scale , / ms u   where u  and , ms  are respectively the shear velocity and the laminar kinematical viscosity of the gas at the liquid film surface.

  the dimensionless transversal velocity of the gas on the laminar-

  (11.21) can be replaced with the following equation in which the new effective variable eff U  for the dynamics wall laws appears:

  noted that the parameters Y C and T C used in Equations (11.56) and (11.57) respectively were obtained for the single-component model and the validation of these parameters for the multicomponent model is necessary.

Y

  and g  are the local density and laminar kinematics viscosity in the gas.The wall laws for the fully turbulent region of the boundary layer are finally obtained by substituting the variables , in the solutions of RANS equations expressed with the variables ,  . For the laminar region of the boundary layer, a linear variation of , the dimensionless distance from the liquid film interface   is obtained. These laws of the wall are summarized as follow:

  and , lt m   are the distances from the liquid film surface to the laminar-turbulent transition, respectively, for the dynamic, thermal and the liquid mass fraction boundary layer. Their values are assumed to be the same as in the single-component wall laws.

Figure 96 :

 96 Figure 96: Flowchart of the IFP-C3D code

  

  

  

  

Table 1 : Single droplet evaporation conditions Liquid Droplet Ambient Temperature T ∞ (K) Initial Droplet Temperature T 0 (K)

 1 

		473	300
	n-Heptane	623 823	310 320
		973	340
	n-Decane	548 623	300 310

Table 2 :

 2 High gas pressures numerical studies. Effects of pressure on the wet-bulb temperature at T ∞ = 973 K (real gas model).

	Cases	Component	Mole fraction in liquid phase	Mole fraction in gas phase	P ∞ (MPa)	Wet-bulbs Temperature (K)
	case 1	n-heptane Nitrogen	0.95 0.05	0.46 0.54	2	459
	case 2	n-heptane Nitrogen	0.885 0.115	0.4 0.6	5	489
	case 3	n-heptane Nitrogen	0.716 0.284	0.365 0.635	10	501
	case 4	n-heptane Nitrogen	0.6 0.4	0.323 0.677	15	493

  Using the boundary conditions and the mean temperature of a particle film, one obtains the following expression for the temperature profile p

		T :		
	  T y T p w	 ,,  ,, 12 12 55 p s p p s p w p p m p p m hh yy   2 w p p T T T T hh	3
		Y y = h p (t)	T s	Gas	T
				Liquid film
		y = 0		
		T W		Wall
					10)
	where w T indicates the wall temperature.		

  ,

	m L  g i g m m Y L  	g	y	Yt C Sc  s i g s Y Hgm y v     	dy	(2.51)

Next, using Equations (11.58),

(11.55)

,

(11.62

) and

(11.65) 

gives the velocity profile   uy:

Table 3 :

 3 Critical values for fuel components.

	Fuel

component P c (MPa) T c (K)

  

	C 5 H 12	33.7	469.7
	C 7 H 16	27.4	540.2
	C 10 H 22	21.1	617.7
	C 6.55 H 15.11	29.433	518.836

Table 4 :

 4 Test cases studied.

	Test cases P gas (MPa)	T gas (K)	T wall (K)
	1	1	400	320
	2	20	400	320
	3	50	400	320
	4	100	400	320
	5	1	600	320
	6	1	1000	320
	7	1	400	300

Table 5 :

 5 Channel specification and Liquid film parameters

	Channel specification Channel dimension (mm 3 ) 100 30 30 	Liquid film parameters Initial film mass (mg) 0.7
	Reynolds number	6000	Initial film Thickness (µm)	10
	Gas Temperature (K)	400	Initial film temperature (K)	300
	Gas Pressure (bar)	1		

Table 6 :

 6 Estimated data for the 3D calculation

	Estimated data for calculation	Value
	Sauter Mean Diameter	14 µm
	Rosin-Rammler constant (crr)	3.5
	Opening duration of injector needle	180 µs
	Closing duration of injector needle	120 µs
	Thick angle of hollow cone spray	2°

Table 7 :

 7 Data used for the calculation

	Data	Case	Case	Case	Case	Case	Case	Case	Case
		Ref.	2	3	4	5	6	7	8
	Gas temperature (K)	673	573	453					

Table 8 :

 8 Engine parameters and Injection specification

	Engine parameters	
	Engine Type	Mono-cylinder NADI Diesel
	Cylinder Bore (mm)	85
	Stroke (mm)	88
	Connecting Rod Length (mm)	145
	Compression ratio	14.7:1
	Piston Temperature (K)	450
	Head Temperature (K)	400
	liner Temperature (K)	400
	Engine Speed (rpm)	1500
	Start of simulation (Initial Crank Angle) (degrees)	-140
	End of simulation (degrees)	140
	Injection Specifications	
	Swirl Ratio	1:1
	Injection System	common-rail
	Injected mass (mg)	2.466 × 6
	Injection Pressure (bar)	1000
	Start of Injection (CA)	-9 TDC
	Injection Duration (CA)	5.38 (Injection rate specified)
	Fuel initial Temperature (K)	363
	Orifice Diameter (mm)	0.160

Table 9 :

 9 Definition of the different cases

	Case	Gas model	Injected liquid	Initial mass fraction
	single-component	ideal	Dfl1	1
	single-component	real	Dfl1	1
			Dfl3a	0.221
	multi-component	ideal	Dfl3b	0.416
			Dfl3c	0.363
			Dfl3a	0.221
	multi-component	real	Dfl3b	0.416
			Dfl3c	0.363

Table 10 :

 10 Initial conditions in the cylinder at initial Crank Angle of -140°

	Pressure (Pa) Temperature (K)	O 2 (%)	N 2 (%)	H 2 O (%)	CO 2 (%)
	1.106e5	350	20.49	76.11	0.98	2.42

Table 11 :

 11 Engine parameters and Injection specification

		Engine parameters
	Engine Type	Monocylinder NADI Diesel
	Cylinder Bore (mm)	85
	Stroke (mm)	88
	Connecting Rod Lenght (mm)	145
	Compression ratio	14:1
	Wall Temperature (K)	550
	Engine Speed (rpm)	1500
		Injection Specifications
	Swirl Ratio	1:1
	Injection System	common-rail
	Injected mass (mg)	2.466 × 6
	Injection Pressure (bar)	1000
	Start of Injection (CA)	-9 TDC
	Injection Duration (CA)	5.38 (Injection rate specified)
	Fuel initial Temperature (K)	320
	Orifice Diameter (mm)	0.160

Table 12 :

 12 Comparison of the different fuels obtained by the lumping model ReFGen and studied in the engine simulations. Me-O designates the Methyl Oleate Biofuel component.

	Fuels	Mole Fraction				
	M1L1	Pseudo 1				
		1				
	M1L3	Pseudo 1	Pseudo 2	Pseudo 3		
				(Me-O)		
		0.4691	0.4939	0.037		
	M1L5	Pseudo 1	Pseudo 2	Pseudo 3	Pseudo 4	Pseudo 5
						(Me-O)
		0.2532	0.4366	0.1327	0.1405	0.037
	M2L1	Pseudo 1				
		1				
	M2L3	Pseudo 1	Pseudo 2	Pseudo 3		
				(Me-O)		
		0.23	0.25	0.52		
	M2L5	Pseudo 1	Pseudo 2	Pseudo 3	Pseudo 4	Pseudo 5
						(Me-O)
		0.1255	0.2164	0.06578	0.06965	0.5226

Table 13 :

 13 Engine performance and combustion parameters

	Fuel	IMEP (bar)	Delay (CA)	CA50-CA10	CA95-CA50
	M1L1	5.245	-3.56	2.59	1.66
	M1L3	5.186	-3.60	2.76	1.66
	M1L5	5.185	-3.52	2.83	1.7
	M2L1	4.792	-3.74	4.46	10.75
	M2L3	4.666	-3.59	7.16	11.96
	M2L5	4.665	-3.47	7.38	12.66

Table 14 :

 14 Binary interaction parameters for NRTL model for urea-water solution[START_REF] Lefèbvre | Calcul des pressions de vapeur de mélanges eau-urée pour des températures situées entres 300 K et la température critique de l'eau par le modèle NRTL[END_REF].

	Parameter	ij c		ij	12 a	a	21	12 b	21 b
	Value	0	0.3	7.659	-1.536	-1463	-56.67

Table 16 :

 16 Some properties of AdBlue[START_REF]Safety Data Sheet for AdBlue[END_REF].

	Urea content (% by weight) Density at 20 °C (kg/m 3 )	31.8 -33.2 1087 -1093
	Physical state	liquid
	Color	colorless
	Boiling point (°C)	Decomposition temperature : 100 °C
	Melting point (°C)	-11.5
	Vapor pressure at 25°C (kPa)	6.4

Table 17 :

 17 Burnt gas and spray properties[START_REF] Birkhold | Modeling and simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems[END_REF].

	Exhaust	
	Gas velocity (m/s)	5 -40
	Gas Temperature (K)	400 -1000
	Pressure (bar)	1
	Wall temperature (K)	350 -900
	Spray (AdBlue)	
	SMD (µm)	20 -150
	Injection velocity (m/s)	5 -25
	Initial spray temperature (K)	300 -350

Table 18 :

 18 Kinetic parameters of the reactions rate constants for thermolysis of urea.

	Form	A (s -1 )		E a (kJ.mol -1 )	Ref.
	Gaseous urea	1.27 10 	4	15.540	[54]
	Liquid urea	0.42 *		69	[13]
	Liquid urea	14 3.767 10 	161.611	[55]
	Thermo-hydrolysis of urea * Unit is: kg.s -1 .m -1	10 6.13 10 	20.980	[54]

Table 19 :

 19 Condensed phase kinetic scheme for urea thermal decomposition.

	Reaction*

Table 20 :

 20 Experimental setups used for the validation of the kinetic model

	Validation case	Volume (cm 3 )	Gas flow rate (Ncm 3 .min -1 )	Reactant	Gas temperature ramp (K.min -1 )	Modeling tool
	1 [59]	0.054 (cup)	100.0	0.9 mg urea	20	Chemkin 4.1 [216]
						IFP-C3D [139]
	2 [59]	0.044	100.0	2.46 mg Adblue	10	Chemkin 4.1
		(monolith)				IFP-C3D
	3 [59]	0.044	100.0	2.46 mg Adblue	20	Chemkin 4.1
		(monolith)				IFP-C3D

Table 21 :

 21 Exhaust pipe parameters and Injection specifications

	Exhaust pipe parameters		Injection specifications	
	Pipe length (mm)	250	Liquid	UWS (Adblue)
	Pipe diameter (mm)	50	Initial liquid mass (mg)	30
	Gas Temperature (K)	673	Initial liquid Temperature (K)	300
	Gas Pressure (bar)	1	SMD (µm)	10
	Carrier gas	N 2	Injection duration (ms)	10
	Gas flow rate (kg/s)	0.1	Spray type	solid cone
			Spray cone angle (°)	50

Table 22 :

 22 Species mass flow rate at the outlet of the computation domain

	Time (s)	Cases / Species	NH 3 (mg/s)	H 2 O (g/s)
		Case 1	41.62	9.46
	0.007	Case 2	63.58	7.62
		Case 3	22.16	6.11
		Case 1	20.02	9.39
	0.0076	Case 2	46.86	7.90
		Case 3	15.75	5.39
		Case 1	2.19	8.00
	0.01	Case 2	18.00	6.77
		Case 3	3.60	4.77

Table 23 :

 23 Constants

					of equations (8.5) and (8.6)
					a	-1.52816	e	-0.296123
					b	1.43907	f	0.386914
					c	-0.81446	g	-0.0427258
					d	0.190454	h	-0.0480645
	* V is a pure component characteristic volume generally within 1 to 4 percent of the critical volume i
	and		, SRK i	is the acentric factor and maybe replaced with  . If the value of * i V is not available from
	the tables, it maybe replaced with , ci V .
	The method of HBT for the volume of compressed liquid mixture gives [130]:
		s	1 ln
					, vap m

Table 24 :

 24 Constants of equations (8.13) to(8.15) 

									a	-9.070217	b	62.45326
									d	-135.1102	f	4.79594
									g	0.250047	h	1.14188
									j	0.0861488	k	0.0344483
	and							
	, vap m P		, c m r m , P P	(8.16)
	, cm P			, 0.291 0.080 SRK m * m V  		, c m RT	(8.17)
	, rm P is calculated from the generalized Riedel vapor pressure equation:
	, log r m P		(0) , r m P		(1) , SRK m r m , P 	(8.18)
	where						
	(0) , r m P		5.8031817log	, r m T		0.07608141 	(8.19)
	(1) , r m P		 4.86601 log	, r m T		0.03721754 		(8.20)
	 	35.0		, 36.0 rm T		6 , 96.736log r m r m , T T 	(8.21)

Table 25 :

 25 Atomic Diffusion Volumes

	Atomic and Structural Diffusion Volume Increments
	C	15.9	F	14.7
	H	2.31	Cl	21.0
	O	6.11	Br	21.9
	N	4.54	I	29.8
	Aromatic ring	-18.3	S	22.9
	Heterocyclic ring	-18.3		
	Diffusion Volumes of Simple Molecules	
	He	2.67	CO	18.0
	Ne	5.98	CO 2	26.9
	Ar	16.2	N 2 O	35.9
	Kr	24.5	NH 3	20.7
	Xe	32.7	H 2 O	13.1
	H 2	6.12	SF 6	71.3
	D 2	6.84	Cl 2	38.4
	N 2	18.5	Br 2	69.0
	O 2	16.3	SO 2	41.8
	Air	19.7		

  is calculated as:

	m  	*	 36.344 m c m , 2 / 3 , cm WT V	 1/ 2	(8.30)
	where  is viscosity, m W molar weight, , cm T critical temperature and , cm V critical molar volume of
	the mixture and		
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	E (Ref. [130])

  Multiplying the numerator and denominator of the first part of Equation (10.7) with 1Coming back to the first Equation (10.1), one can rewrite the Hirschfelder's law for binary system using Equation (10.2) and (10.10):

	1 X W 2  	2 11 1 1 22 1 1 1 2 1 1 YW YW Y W YW Y W  1 2 1 1 1 2 1 1 YW Y W YW          	1 Y 	(10.7)
					W , the second
	part with 2 1 W and the third part with 12 WW , one obtains:
	 1 2 11 22            2 2 2 2 1 1 2 1 1 2 2 1 1 2 1 1 1 1 2 1 1 1 2 1 2 1 1 1 11 WW YW W YW W XY W YW Y W W YW Y W WW YW Y W              	(10.8)
	Rewriting Equation (10.5) in the following form:
	1 2 W WW YW 1 2 	 1 1 	 Y W 1 1	(10.9)
	and substituting Equation (10.9) into Equation (10.8) gives:
	22 11 11 2 1 1 1 2 YW YW W XY W W WW        	(10.10)
	1 1 V Y	22 11 2 1 1 2 YW YW W WW  1 WW 1 1 m D W W      	1 Y 

5. Mass conservation of liquid

  supplies expression of eff U  in the laminar sub-layer. The following dynamics wall laws can then be obtained before accounting the compressibility of the gas: By applying the previous hypotheses, equation of mean mass conservation of liquid, (Equation (11.1)), is: . Contrary to the droplet modeling, using the corrected Stephan velocity in the mass conservation equation makes it very difficult to integrate the mass conservation equation in the film modeling. To consider this corrected velocity and to overcome this problem, a laminar Schmidt number is introduced. A first integration leads to:

	      	y y	 	 	lt lt y y  	: :	U	eff 	U 	2 21 1 1 1 1 eff s s s lt s u v y v u v y v k y ln lt y                      		(11.23)
	,, , () i g i g i g t v Y . Y DD y y y         		(11.24)
	where t D and , ig D respectively can express themselves to find the turbulent Schmidt number of the
	gas		t D		t Sc t 	and the laminar Schmidt number of the liquid-gas	, ig
		22 ,, , ,, .. i g i g m t m s i g s i g , l i t l i t YY k y u v Y v Y Sc Sc y Sc Sc y y	1 K

D.

D

.1. Inertial turbulent sub-layer

  In the inertial sub-layer, laminar diffusion of the liquid Besides, according to Equation(11.23) which gives the profile of the mean dimensionless transversal velocity u  , in the turbulent zone one has: Thus, by inserting the derivation of velocity u  into Equation (11.27), one obtains: Integration of Equation(11.29) in the turbulent zone leads to the following expression:In the laminar sub-layer, turbulent diffusion t D is negligible against laminar diffusion of the liquid After integration and using the boundary conditions at the liquid film surface ,, (0) Equation(11.36) could be replaced with the following expression in which the new effective variable  defined in Equation(11.37), one obtains the following mass wall laws:

	, ig Y y   , m li Sc     Equation (11.25) is written in dimensionless form: , . s s s i g s v v Y  . One thus can obtain 1 Kv  . s 22 , , , 1 1 ig i g s l i t Y k y u Yv Sc Sc y y                2 ln 1 ln 22 22 ln ln 1 1 2 1 22 s s lt s t lt t t t lt ss s lt s lt t v v y yk y v Sc y Sc Sc Sc y I vv v y v y k k Sc                                                              Consequently, because 12 II  , then: 1/ 2 , , , , , , 1/ 2 , , , , , 1 2 :1 1 1 1 22 : 1 1 1 2 t t Sc ig t lt eff i g l i s s i g li s lt Sc ig t t t lt eff i g l i lt s s lt s i g Y Sc y y Y Sc y vY Sc vy Y Sc Sc Sc y y Y Sc y vy v Y k             ln lt y y                                                 	(11.26) (11.32) (11.38)
	D.5, ig D is negligible against the turbulent D.5.2. Laminar sub-layer  D . Thus, Equation (11.26) reduces to: diffusion t  1 ii i XW   1/ 2 , , 1 1 ln 1 21 2 t Sc ig s lt i g lt s lt Y v y Yy vy k           . (11.33) where      spec ii i N XW Y  (11.39)
	22 t k y Sc  u y y ig , Y     D . Thus, Equation (11.26) reduces to: , 1 i g s Yv     , ig	(11.27)
	, i g Yv 1 s    	, li 1 Sc	, ig Y y   	(11.34)
	2 22 1 ln 1 s s lt lt v v y uy y k y y ky                	s i g YY  i g	(11.28) , the mean
	mass fraction of liquid , ig Y in the laminar sub-layer will be:
	, i g Yv 1 s     , , 1 1 ig s ig Y Y       	, ig Y y  1 22 ln s s lt t lt t v y v y y ky Sc y Sc                , l i v y Sc  s e 	(11.29) (11.35)
	or			
	, , 12 , , 1 ln 1 ln 2 2 2 ig lt i g lt Y y ig i g s Yy s s lt s lt t dY dy II Yv v v y v y y k y Sc                    , 1/ 2 , 2 , 1 1 t s l i t Sc  v y Sc ig Sc s ig Y e Y                 ,, eff i g Y  for the mass wall laws appears:	.	(11.30) (11.36)
	Now,			
	, , ig lt i g Y vY  1 ln s   1 1     , , 2 ig t eff i g 1 I  , , s s i g Y Sc Y vY  1/ 2 , 1 1 1 t Sc l i Sc y              	(11.31) (11.37)
	Considering		ln y D.5.3. Assessment   , one obtains:
	Using	,, eff i g	

Y spec N

is the number of species in gas phase.

   and t indicate respectively, the laminar thermal diffusion coefficient and turbulent thermal diffusion coefficient in the gas, and can respectively express themselves to find the laminar

	v T y  		y  	ig Y y   g t i g t i T D D T y           	(11.40)
	where g						
	Prandtl number		g	g g p C   	Pr m l 	and the turbulent Prandtl number	t  	t Pr t 	. g

D.6.3. Assessment Using

  reduces to: By analogy with the conservation equation of the mean mass liquid, integration of the Equation (11.43) leads to:In the laminar sub-layer, turbulent thermal diffusion t  is negligible against laminar thermal diffusion of the gas g  . Thus, Equation (11.42) reduces to: Equation (11.52) can be replaced with the following expression in which the new effective variable eff T  for the thermal wall laws appears: eff T  defined in the Equation (11.53), one obtains the following thermal wall laws:

					D.6.2. Laminar sub-layer		
	1 1 or  	s v T   s v T  	 	2 Pr tt 2 2 ( k y u T k y y y Sc     2        1 , 11 Pr N ig  u y  , i l l i Y T T y Sc y         	 	) T		1 N   i	   , 22 1 i g s t Y v Sc u ky y            	(11.49) (11.43)
	or in the simplified form: 1 11 11   ,, , Pr N s s l i i g i l l i T v T T v Sc Y y Sc              		(11.50)
	1	   , 1 1 1 N s i g i v Y T        After integrating and using the boundary conditions at the liquid film surface 22 Pr t k y u T yy        	T 	(11.44) (0) 0  , one
	obtains the mean dimensionless temperature T  in the laminar sub-layer:
	 34  , 1 1 1 1 ln 1 ln Pr 2 2 2 lt lt y T N Ty s s lt s s i g lt i t dT      Pr , 1 1 1 sl N vy s i g i v Y T e            dy II 1 v v y v y v Y T y k y                              or in the following form   now,   1/ 2Pr Pr 2Pr , 1 1 1 1 t sl t  vy N s i g i v Y T e             	(11.51) (11.45) (11.52)
	 11  1 ,,   , 1 1 1 ln 1 1 1 N s i g i NN i g s i g ii v Y Y v Y    1 1 lt T T                                ln y    , one has:     , 1 1 2Pr 1 1 , 1 2 Pr 1 1 s v      Considering 3 I  1 1 N t i g i N Y t eff s i g i s T T v Y v               1 Pr l               	y		(11.46) (11.53)
	4 Consequently, because 34 ln 2 Pr ln 1 21 2 s t lt s s lt y v y I v vy k                  II  , one obtains:      , 1 1 2Pr 1 , 1 , 1 1 1 1 1 1 1 N t i g i N Y s i g i N s i g lt i v Y T v Y T    1                                1 2 Pr : 1 2 Pr : 1 1 t lt eff s N tt 1 ln 21 2 s lt s lt v y y vy k                   , 1 , 1 1 2Pr 1 1 , 1 1 2Pr 1 1 , 1 1 1 Pr (11.47) (11.48) 1 Pr 1 1 Pr N t i g i N t i g i N Y s i g l i Y lt eff s i g l lt i s y y T T v Y y v v y y T T v Y y vk                                                                     2 Pr ln Pr 1 2 s lt l t s lt y vy                      (11.54)	lt y y  

  laminar Schmidt number of each component, , liSc is obtained by equating the equations of evaporation rate for the two cases of complex diffusion (Equation (2.74)) and the following simple diffusion mass evaporation rate: is the total number of species and l N is the total number of liquid components. By definition:

	1 WW  1 N k k k Y   or 11 11 NN k i kk k i ki W Y Y W W      11 k k Y W .   2 1 1 1 1 l l N N k k k ki k k k kk N i i W Y Y Sc Y AW y Y AW W Y      i Y                           By introducing A as: 1 N a a a ai   2 1 1 1 1 1 l l N i i i i i i i ii N i i W Y Y Sc Y AW y Y AW W Y                              Y A W     11 k i k k k W Y W Sc Y AW     2 1 N kk k kk YY y Y AW              	i Y		(11.72) (11.73) (11.74)
	  ,, 1 g s g s s i Y Sc l i ,   1  i i  1 i i i i W pi , or, m then,  1 W Sc Y AW   i s Y y         2 , 1 1 i i i l i ii Y Y Y i y Y Sc y Y AW            W Y A W  Thus, for each component in the liquid,	(11.68) (11.75) (11.79)
	Equation (2.74) could be rewritten in the following form: 1 1 1 , 1 ,, 1 1 ll l NN N k k i i k i i k i i i g s N i i N k k i i i g s k g s i k W X W X D Y D W y W y mY i Y W X W X Y D D W y W y                              i i W W YA      Then, Equation (11.71) can be rewritten as:                    11 i ii i i i i i i ii Y Y AW WY X Y y W y y Y AW Y AW      2     Y i y             	(11.76) (11.69) (11.77)
	Considering: where N ii i W XY W  , gs k k D Sc  					(11.70) (11.78)
	Thus, mole fraction gradient will be: we have the following equality:	
	i y X  	i W Y i W y      	1 i W		  i WY y 		(11.71)
	where				

Injection angle effects on SCR system results

The short distance between the engine exhaust and the catalyst entrance makes it difficult for the complete decomposition of urea before the catalyst entrance. Rapid decomposition and good mixing of ammonia and exhaust gas are the key factors affecting the SCR efficiency. In order to achieve this, experimental and numerical studies have been performed [START_REF] Alano | Compact SCR for Passenger Cars[END_REF][START_REF] Perrot | Exhaust line with Reagent Injector[END_REF][START_REF] Jeong S-J | Numerical Study on the Optimum Injection of Urea-Water Solution for SCR DeNOx System of a Heavy-Duty Diesel Engine to Improve DeNOx Performance and Reduce NH3 Slip[END_REF]. Jeong et al. [START_REF] Jeong S-J | Numerical Study on the Optimum Injection of Urea-Water Solution for SCR DeNOx System of a Heavy-Duty Diesel Engine to Improve DeNOx Performance and Reduce NH3 Slip[END_REF] have performed numerical investigation on the effects of some parameters like injection angle, injection location and number of injector holes on the uniformity of the ammonia concentration at the entrance of SCR monolith for different engine loads. More efficient SCR systems were obtained for optimized injection angle, injection location and number of injector holes.

In this section, the effect of three different injection angles on the decomposition and ammonia production is investigated, as illustrated in Figure 88. The injection angles used for cases 2 and 3 are given in Figure 89. Similar injection specifications, exhaust line geometry and exhaust gas characteristics as in the previous case study (here Case 1) are used.

Spray and deposits particles

The mass of water, aqueous-urea and by-products in the computational domain are drawn in Figure 90 and Figure 91 in the spray and in the deposit, respectively for the three cases. Figure 90(a) shows the mass of water in spray droplets increasing due to injection and then decreasing due to evaporation. Water mass oscillations highlight evaporation rate variations due to pressure oscillations in the computational domain as shown in Figure 92 and presented earlier in Section 6.2. Figure 90(b) shows the mass of the second initial component of Adblue (i.e. aqueous-urea) which increases during injection with a constant rate. Contrary to water, which begins to evaporate more or less at the start of the injection (see Figure 90(a)), aqueous-urea decomposition begins about 5 ms after the start of injection, (Figure 90(b)). Indeed, the decomposition of aqueous-urea starts after complete evaporation of water, which is achieved in some droplets at 5 ms. This result highlights the sequential behavior of evaporation and decomposition processes for Adblue droplets. As assumed in Chapter 5, the evaporation of water is affected by the presence of urea in Adblue. According to Figure 90(a) and (b), water remains in spray droplets until the end of calculation. This presence of liquid water at the monolith inlet prevents the complete decomposition of the urea and may decrease the efficiency of the SCR system. Figure 90(c) and(d) show the mass of solid urea and biuret produced during the process. Higher mass is obtained for solid urea than for biuret. However, the peak for biuret occurs before that of solid urea due to the lower energy needed for biuret to be produced.

Comparison of the three cases also reveals that the highest evaporation rate of liquid water and the smallest aqueous-urea mass and production of by-products are obtained in Case 1 with central injection (see Figure 88). In this case, the high velocity of droplets in the gas flow direction leads to a small residence time inside the computational domain. The formation of heavier decomposition products remains negligible over such a short operation time. Appendix D.

Wall laws for multi-component liquid film

Development of wall laws consists of resolving analytically the equations of the boundary layer on the surface of the wall or liquid film (Figure 95). In this report, multi-component mass, dynamic and thermal wall laws are presented. The general hypotheses and methodologies are based on the model of Desoutter [START_REF] Desoutter | Etude Numérique de la Propagation d'une Flamme sous l'influence d'un Film Liquide de Carburant sur la Paroi[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF]. The single-component mass wall law of Desoutter is developed to multicomponent wall law with the discrete fluid method. Also, the thermal wall law is modified by consideration of new heat flux from the gas to the liquid film which takes into account the enthalpy diffusion of species in addition to the conduction heat flux. 

Appendix E

IFP-C3D code E.1. General description of IFP-C3D code

IFP-C3D code is an unstructured parallel solver dedicated to the computation of multi-phase compressible turbulent flows including phase changes, mixture preparation and combustion, especially in automobile engines. IFP-C3D uses Arbitrary Lagrangian Eulerian (ALE) formalism with a finite volume method on staggered grids, time splitting, SIMPLE algorithm and sub-cycled advection. IFP-C3D is parallelized using the Message Passing Interface (MPI) library to distribute calculation over a large number of processors. Moreover, it uses an optimized linear algebraic library to solve linear matrix systems and the METIS partitioning library to distribute the computational load equally for all meshes used during the calculation. Main physical models included in IFP-C3D for liquid spray modeling are the multi-component evaporation model [START_REF] Ebrahimian | Towards a predictive evaporation model for multicomponent hydrocarbon droplets at all pressure conditions[END_REF], the Wave-FIPA breakup model [START_REF] Habchi | Modeling Atomization and Break-Up in high-Pressure Diesel Sprays[END_REF], the spray-wall interaction models including liquid film transport, evaporation [START_REF] Desoutter | Single-component Liquid film evaporation model development and validation using Direct Numerical Simulation[END_REF][START_REF] Desoutter | DNS and modeling of the turbulent boundary layer over an evaporating liquid film[END_REF][START_REF] Habchi | Modélisation 3D de l'injection d'essence. Développement et validation d'un nouveau modèle de formation et de transport de film liquide[END_REF][START_REF] Ebrahimian | Numerical Investigation of Lagrangian Single-Component Liquid Film Evaporation Models[END_REF] and boiling [START_REF] Habchi | A comprehensive model for liquid film boiling in internal combustion engines[END_REF]. For combustion modeling, IFP-C3D includes the auto-ignition TKI model [START_REF] Pires Da | Detailed Chemistry-based Auto-ignition Model including Low temperature Phenomena Applied to 3D Engine Calculations[END_REF], the spark plug ignition AKTIM model [START_REF] Duclos | Arc Kernel Tracking Ignition Model for 3D Spark-Ignition Engine Calculations[END_REF], the ECFM gasoline combustion model [START_REF] Benkenida | 3D modeling of mixing, ignition and combustion phenomena in highly stratified gasoline engines[END_REF] and the ECFM3Z Diesel combustion model [START_REF] Benkenida | The 3-zones extended coherent flame model (ECFM3Z) for computing premixed/diffusion combustion[END_REF].

E.2. Description of the structure of IFP-C3D code

The combustion code, IFP-C3D, solves the Navier-Stokes Multi-species hexahedral unstructured mobile meshes. The calculation cycle is decomposed temporally into three phases. Phase A, comprising the source terms related to chemistry, evaporation of liquid fuel (spray or film) and spark ignition (AKTIM Lagrangian model and a phenomenological model). It's more in this phase that the Lagrangian spray is treated (convection, atomization). In phase B, called Lagrangian phase, mesh nodes are moving at the speed of the fluid and there is no convection cells at the border of calculation. The different scattering terms and the terms of spreading pressure wave are solved implicitly. Coupled implicit equations are solved by the SIMPLE method and the linear systems involved are inverted using a library of linear algebra developed by IFP for the pressure solver or an iterative conjugate gradient for other variables. In phase C, called Eulerian, the convection terms are solved explicitly. A sub-cycling allows overcoming the stability condition (CFL < 1) inherent to all explicit methods. The system is solved using an explicit second order spatial pattern centered, QSOU, used with a limiter to preserve the monotony.