J M Lacome 
  
F Tognet 
  
C Olry 
  
M Nibart 
  
NEW LAGRANGIAN APPROACH FOR WET PLUME MODELLING

Keywords: Microphysics, lagrangian, dispersion, modelling, spray, microorganisms, legionella, wet plume

A new version of the lagrangian dispersion modelling system Micro-SWIFT-SPRAY (MSS developed by ARIA Technologies and ARIANET) has been developed in order to allow simulation of wet plume, microorganisms, insecticide or pesticide dispersion. For all these applications, it is necessary to take into account both gas and liquid phase evolution including mass and heat transfer. In the particular case of microorganisms distinct behaviors potentially occur when transported by the liquid and/or the gas phase. Following the MSS lagrangian approach, it is easy to define a mass quantity of vapor and a large number of droplets of the same diameter by a virtual particle. Hence a spectrum of different size of droplets can be model using several virtual particles. The development of the new module consists of modelling the physical phenomenon of evaporation and condensation inside a wet plume taking into account temperature and humidity of ambient atmosphere. Microphysics of droplet is solved using the classical laws of evaporation/condensation processes in the surrounding atmosphere. The calculated evaporation rate allows to estimate the diameter evolution and the temperature inside the droplet. The difficulty consists in characterizing the surrounding atmosphere. The interaction between droplets and ambient humidity has been performed on an eulerian frame. Two methods of two way coupling have been tested on academic cases (0D). The proposed paper will present the two approaches and the obtained results.

INTRODUCTION

Microphysical processes acting in a wet plume can be taken into account in 3D dispersion models like CFD. However, simulations can be complex to carry out and costly in computation time, particularly when a release have to be simulated over a few days to several weeks. Several Gaussian models offer simplified microphysics modules, however these models include simplified description of physics which is not relevant for complex flows which occur in urban areas. Even so applications may be multiple: transport of bioaerosols, plumes visibility and influence of wet plumes on plume dispersion. The development of a microphysics module in the Lagrangian model Micro Swift Spray allows to overcome the lack of tools available for these issues.

The basic of the new model is that virtual particles created by the lagrangian model include droplet spectrum of liquid water, vapor and microorganisms. Initially, the microorganisms are contained in water droplets. Evaporation rate is calculated for each droplet using the number of sherwood and correlation of Ranz and Marshall (1952 a,b). The evolution of droplet temperature is driven by the generic Lagrangian equation [START_REF] Miller | Evaluation of equilibrium and non-equilibrium evaporation models for many-droplets gas liquid flow simulation[END_REF]. Water vapor diffusion into the air is solved on a eulerian grid, this allows computation of diffusivity using the formulas of List (1963) and [START_REF] Bolz | CRC Handbook of tables for applied Engineering Science[END_REF]. Finally, the evolution of the density and temperature within the plume is determined by using the equations of [START_REF] Glendening | Improving plume rise prediction accuracy for stable atmospheres with complex vertical structure[END_REF]. When Water droplets are completely evaporated, microorganisms are released and start to disperse as free airborne. A simple biological model based on an exponential survival of microorganisms is applied at this specific moment when microorganisms are directly exposed to radiation, air temperature and humidity.

In the specific case of Legionella, accidental spread in the atmosphere due to contaminated cooling towers (CT), may disperse over a large distance [START_REF] Nguyen | A community-wide outbreak of legionnaires disease linked to industrial cooling towers--how far can contaminated aerosols spread[END_REF]. In this work a specific biological module has been developed and coupled with the MSS microphysic module. A first evaluation is done with the simulation of dispersion field campaign of biological aerosols performed by CSTB, DGA and INERIS.

MICROPHYSIC OF DROPLET

A multiplicity of thermo dynamical processes can occur within a plume released by a cooling tower. At the tower exit the plume is composed by a turbulent mixture of liquid droplets and vapour gas, which temperature is generally greater than ambient temperature. This bi-phase mixture is generally emitted with a vertical velocity that ranges from ~ ms -1 to a dozen ms -1 for large towers and as the plume rise it will be transported by wind. The liquid fraction value at the tower exit could be approximately considered around ~ 10% or less. This fraction is composed by a spectrum of droplets which evolves due to phenomena of nucleation, coagulation, evaporation, condensation, all of them being influenced by the turbulence of the flow. The droplets can coagulate between them mainly within area of the plume with high number densities. Such a phenomenon contributes to decrease the number of droplets and to reach a diameter of equilibrium. Heat transfers between droplets and vapour contribute to the evaporation of the droplets by heat mass transfer depending of the saturation level. Far away the droplets are assumed to reach an equilibrium temperature with the ambient air. The kinetics of evaporation and condensation strongly depends on the humidity saturation of the surrounding atmosphere. This latter evolves following interactions between the wet plume and the ambient flow which humidity level is a variable of primary importance. At the emission exit the droplets which are large enough can be affected by gravity, particularly those located in the surrounding of the release. In case of presence of drops with large radius (> 40 µm) [START_REF] Bouzereau | Application of a semi-spectral cloud water parameterization to cooling tower plumes simulations[END_REF] precipitation phenomena could occur but it's unlikely the case in the investigated applications (CT). In the far field dispersion, the median diameter is smaller but sedimentation can also affect the vertical velocity of the droplet.

Due to the great number of phenomena described above it was decided to launch the development of the new model by focusing on modelling evaporation and condensation. These phenomena play major roles in the temperature and diameter equilibrium of the droplets and its lifetime in the atmospheric far field dispersion.

NEW LAGRANGIAN APPROACH FOR WET PLUME

In the LPD model Micro-SPRAY, the dispersion of a wet plume is simulated following the motion of a large number of fictitious particles, each one representing a part of the mass of vapour and liquid water emitted from sources of general shapes. Starting from a given spectrum of droplets, each virtual particle carries a large number of droplets sharing the same geometric and thermodynamic properties. Particle's transport is obtained applying an equation of motion where the particle velocity is split into a mean component driven by the local wind reconstructed by Micro-SWIFT and a stochastic component obtained by solving a 3-D form of the Langevin equation of the random velocity [START_REF] Thomson | Criteria for the selection of stochastic models of particle trajectories in turbulent flows[END_REF].

As far as the wet plume has a vertical or oblique initial momentum and an initial buoyancy, five governing conservation equations of mass, energy, vertical momentum and the horizontal momentum are integrated for each particle at each time step, based on [START_REF] Glendening | Improving plume rise prediction accuracy for stable atmospheres with complex vertical structure[END_REF], [START_REF] Hurley | The Air Pollution Model (TAPM) Version 3. Part1: Technical Description[END_REF] and [START_REF] Hurley | Plume Rise and Enhanced Dispersion in LADM[END_REF]. These equations are described as follow:
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with , p refer to air and plume, respectively, b is the plume radius (m), B is the buoyancy (ms -2 ), E represents the entrainment rate (m 2 s -1 ), u e is the entrainment velocity (ms -1 ) and Ψ and Φ are the vertical and horizontal angles. The following conservation equations are solved:
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where u a and v a are the horizontal components of the wind velocity, N 2 is the Brunt-Vaisala frequency. On one hand, by integrating this set of conservation equations, the temperature of the plume at the location of each virtual particle is known and used to drive the evaporation process of droplets. On the other hand, the concentration of water vapour is computed on an eulerian grid at each time step, using the background 3D field of specific humidity provided by Micro-SWIFT [START_REF] Moussafir | A new operational approach to deal with dispersion around obstacles: the MSS (Micro-Swift-Spray) software suite[END_REF] and the vapour carried by fictitious particles. In each grid cell, concentration of vapor is compared to the saturation concentration and, as a result, evaporation or condensation can occur.

In grid cell where condensation or evaporation takes place, transfer of mass between vapor phase and liquid phase occurs internally to each virtual particle present in this grid cell. Where condensation happens, this transfer is done until the concentration of vapor is locally equal to the saturation concentration. Where evaporation happens, two different approaches can be followed: 1) Microphysic of droplets disabled: Transfer from liquid phase to vapor phase is done until the concentration of vapor is equal to the saturation concentration. 2) Microphysic of droplets enabled: evaporation rate at each time step is calculated for each type of droplets using the number of sherwood and correlation of Ranz andMarshall (1952 and1953) together with the molecular diffusivity. This diffusivity can be computed by using the formulas of List (1963) or [START_REF] Bolz | CRC Handbook of tables for applied Engineering Science[END_REF]. Given this evaporation rate, mass and diameters of droplets are updated. Finally, the evolution of droplets temperature is also updated by using the following equation [START_REF] Miller | Evaluation of equilibrium and non-equilibrium evaporation models for many-droplets gas liquid flow simulation[END_REF]:
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where dm droplet /dt is negative for evaporation, T air and T droplet are respectively the local carrier plume temperature and the droplet temperature, L v is the latent heat of evaporation, the ratio of the gas heat capacity to that of the liquid phase is 1  =C p,air /C L , Pr is the gas phase Prandtl number; 

VALIDATION TEST (0D )

In order to validate the evaporation process when microphysic of droplets is enabled in MSS, the evaporation rates of several sizes of droplets subjected to different humidity, temperature and wind velocity conditions were computed. Results have been compared to measurements of evaporation rates and model predictions both described in [START_REF] Kincaid | A Water Droplet Evaporation and Temperature Model[END_REF]. His model is based on modified Ranz and Marshall equations proposed by [START_REF] Goering | Mathematical modelling of spray droplet deceleration and evaporation[END_REF]. Figure 1 shows that the results obtained when using List diffusivity formula are in good agreement with both Kincaid's model and measurements. Starting from initial droplet temperatures situated above and below the wet bulb temperature, the evolution in time of the temperature of the droplet was tracked until |dT droplet /dt| < ε (where ε is a small threshold value). Drops of temperature predicted by MSS and by the model used in [START_REF] Kincaid | A Water Droplet Evaporation and Temperature Model[END_REF] are shown on Figure 2. Results from MSS calculation show that the temperature evolution is very similar to the Kincaid model prediction. However we notice that in MSS the droplet temperature drops below the wet bulb temperature. Shirai et al. (Shirai et al., 1971a,b) emphasized that measured droplet temperatures slightly lower than wet bulb temperatures were experimentally observed. An explanation provided in [START_REF] Kincaid | A Water Droplet Evaporation and Temperature Model[END_REF] could be that a water droplet may evaporate more efficiently than a wick-covered thermometer. 

APPLICATIONS FOR A BIOLOGICAL MODEL

The model described above has been extended to model microorganism's transport. The underlying principle is that the virtual particles created by the lagrangian model include a droplet spectrum of liquid water, vapour and microorganisms. Initially, the microorganisms are assumed to be contained in water droplets. When water droplets are totally evaporated, microorganisms are released and transported as free airborne tracers. With respect to microorganisms, a consideration of sustainability must also be included in the code. An experimental laboratory approach specific to Legionella pneumophila has been carried out by CSTB and provided an useful knowledge (Ha T.L, 2005) on the bacteria sustainability using radiation, air temperature and humidity parameters. Following this experimental approach a model of sustainability has been set and coupled with the transport model. This biological model based on an exponential survival of microorganisms is applied during the free airborne transport only.

The main characteristics of this biological model are as follow:  model is disabled for bacteria located in a virtual particle including water liquid,  model is enabled for bacteria located in a virtual particle as soon as this particle is totally dry. At any time step t  , if one or more of these conditions of sustainability is not satisfy, a number of spores lost by the virtual particle concerned is estimated. Naming i  the decay parameter of the law of sustainability, the number of spores remaining after application of the survival model is as follows: A study supported by the AFSSET (Agence Française de Sécurité Sanitaire de l'Environnment et du Travail) consisted of estimating the ability of the model Micro Swift Spray to predict the potential spread of microorganisms by an anthropogenic source resembling a cooling tower, by comparing data from the simulation with experimental measurements. Results were presented in the HARMO 14 session [START_REF] Tognet | Numerical modelling of microorganisms dispersion in urban area: Application to legionella[END_REF] and parts of the conclusion are presented here. The simulation of the health risk caused by L. pneumophila aerosolization from a CT is possible but would require a finer characterization of the environment, the air flow conditions and source term, as well as additional knowledge on the ecology of Legionella before and after aerosolization (isolated bacteria in biofilm or with other interaction), the latter may be critical to the sustainability model. The choice of the model type (i.e. Gaussian, Lagrangian or Eulerian, with specific sustainability model or not) will depend on the expected accuracy and duration of the simulations requested by the authorities for the decision making process. It was experimentally demonstrated that, the dispersion of relative efficiencies of biocollectors is three times higher for these tests compared to controlled environment. While this does not preclude the ability of biocollectors to detect low concentrations of aerosolized microorganisms, the development of metrology is an important goal for improvement.

DISCUSSION AND CONCLUSION

The purpose of the present work is to develop a dispersion model for better understand outbreak consequences from a suspicious source of wet plume release over a few days to several weeks. If we consider that the modelling system Micro-SWIFT-SPRAY ensures a reliable description of the meteorological process in a reasonable computational effort, a model of evaporation/condensation for droplet has been implemented within the lagrangian dispersion model SPRAY. The droplet temperature is driven by the generic equation described in [START_REF] Miller | Evaluation of equilibrium and non-equilibrium evaporation models for many-droplets gas liquid flow simulation[END_REF] In order to validate (0D), evaporation rates of droplets, subjected to different conditions, were computed and comparisons with both Kincaid's model and measurements [START_REF] Kincaid | A Water Droplet Evaporation and Temperature Model[END_REF] give good agreements. A procedure of test case in 3D is presently carried out. By comparisons with both other lagrangian approach implemented in SPRAY [START_REF] Mortarini | Development of the microscale lagrangian particle dispersion model MicroSpray for the simulation of two-phase releases[END_REF] and CFD Code_Saturne [START_REF] Bouzereau | Application of a semi-spectral cloud water parameterization to cooling tower plumes simulations[END_REF]. These comparisons should provide hindsight on both lagrangian approach and eulerian approach.
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  the particle time constant for Stokes flow and Nu the Nusselt number.
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 1 Figure 1: Evaporation rate of droplets in different conditions

Figure 2 :

 2 Figure 2: Evolution of temperature of droplets of different sizes, with initial temperature below or above the wet bulb temperature; left figure: prediction by MSS, right figure: Kincaid et al. (1989)



  When sustainability model is enabled, sustainability criteria are as follow: o Minimal and maximal temperature of sustainability (T min and T max ) o Net minimal and maximal radiation (Ray min and Ray max ) o Minimal and maximal relative humidity (HR min and HR max )For each -time step, the local temperature T, the local radiation Ray and relative humidity RH (taking into account the relative humidity provided by Meteorological input as well as the contribution of the water vapor contained in the wet plume) are checked with the following conditions :