A Foissac 
  
J Malet 
  
S Mimouni 
  
P Ruyer 
  
F Feuillebois 
  
O Simonin 
  
EULERIAN SIMULATION OF INTERACTING PWR SPRAYS INCLUDING DROPLET COLLISIONS
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A numerical simulation of the interaction between two real pressurized water reactor containment sprays is performed with a new model implemented into the Eulerian computational fluid dynamics (CFD) code NEP-TUNE_CFD. The water droplet polydispersion in size has been treated with a sectional approach. The influ-ence of collisions between droplets is taken into account with a statistical approach based on the various outcomes of binary collision. Experiments were performed in a new facility, and data obtained are compared with this two-fluid simulation. The results show good agreement.

I. INTRODUCTION

Spray systems are emergency devices designed for preserving the containment integrity in case of a severe accident in a pressurized water reactor ~PWR!. These systems are used to prevent overpressure, to cool the containment atmosphere, to remove fission products from the containment atmosphere, and to enhance the gas mixing in case of the presence of hydrogen in the reactor containment. The efficiency of these sprays can depend partially on the evolution of the droplet size distribution in the containment, due to gravity and drag forces; heat and mass transfers with the surrounding gas; and droplet collisions. Spray systems in nuclear power plants are composed of more than 500 interacting water droplet sprays with droplet diameters ranging from 100 to 1000 mm. They are used under pressure ~2 to 3 bars! at temperatures between 208C and 608C and under a gaseous mixture composed of steam, hydrogen, and air.

Droplet interactions are generally neglected in safety codes because of the lack of accurate industrial modeling of such sophisticated physics. However, studying droplet interactions in the field of spray systems in nuclear reactor containment is clearly justified since more than 500 spray nozzles that are either oriented downward or inclined are used in a PWR, resulting in an overlap of the spray envelopes. [START_REF] Rabe | On the Influence of Droplet Coalescence in Spray Systems for Containment Safety[END_REF] Few experiments exist in the field of interacting sprays, [START_REF] Arai | Atomization Characteristics of Jet-to-Jet and Spray-to-Spray Impingement Systems[END_REF][START_REF] Chiba | Inter-Spray Impingement of Two Diesel Sprays[END_REF][START_REF] Ko | Droplet Collision Processes in an Inter-Spray Impingement System[END_REF] and they are performed on sprays that do not have the same ranges of parameters ~droplet sizes and velocities, as well as distance between sprays! as the ones used in a PWR. A specific experimental facility, presented in this paper, has thus been built in order to study the configuration of two PWR interacting sprays.

Considering computational fluid dynamics ~CFD! studies on spray interactions, one can find different approaches in the literature. [START_REF] Mostafa | On the Modelling of Turbulent Evaporating Sprays: Eulerian Versus Lagrangian Approaches[END_REF] Since our work uses a code having a Eulerian approach for droplet transport, the Lagrangian approach for polydispersed flow and collisions is not considered here. For the Eulerian droplet approach, two main groups of methods describe the polydispersion of particles: the sectional method [START_REF] Greenberg | On the Origin of Spray Sectional Conservation Equations[END_REF][START_REF] Laurent | Eulerian Multi-Fluid Modeling for the Numerical Simulation of Coalescence in Polydisperse Dense Liquid Sprays[END_REF][START_REF] Villedieu | Une méthode particulaire aléatoire reposant sur une équation cinétique pour la simulation numérique des sprays denses de gouttelettes liquides[END_REF] and the method of moments. [START_REF] Fox | Numerical Simulation of Spray Coalescence in an Eulerian Framework: Direct Quadrature Method of Moments and Multi-Fluid Method[END_REF][START_REF] Wunsch | Theoretical and Numerical Study of Collision and Coalescence-Statistical Modeling Approaches in Gas-Droplet Turbulent Flows[END_REF] PWR sprays are characterized by high relative velocities between droplets. The sectional method is the most appropriate method to take into account the various trajectories of droplets depending on their diameter. Therefore, the sectional method is used here.

In the literature a collision kernel has already been introduced into polydispersed flows of droplets. In the past studies, as soon as the droplets collide, only two issues have been considered: bouncing or coalescence. However, the literature has shown that binary droplet collision can have a wider range of issues, such as separation into three droplets or splashing into tiny drops. [START_REF] Ashgriz | Coalescence and Separation in Binary Collisions of Liquid Drops[END_REF][START_REF] Estrade | Experimental Investigation of Dynamic Binary Collision of Ethanol Droplets-A Model for Droplet Coalescence and Bouncing[END_REF][START_REF] Rabe | Experimental Investigation of Water Droplet Binary Collisions and Description of Outcomes with a Symmetric Weber Number[END_REF][START_REF] Roth | Droplet Collision Outcomes at HighWeber Number[END_REF] Preliminary estimations have shown that the splashing regime could occur for droplets of two interacting PWR sprays. [START_REF] Roth | Droplet Collision Outcomes at HighWeber Number[END_REF] Thus, we propose here to implement a complete "collision issue" on the basis of the modeling of binary collision. [START_REF] Rabe | Experimental Investigation of Water Droplet Binary Collisions and Description of Outcomes with a Symmetric Weber Number[END_REF] The objective of this work is thus to present our model for droplet collision numerical simulations and to compare the results with the data obtained on experiments specifically developed for this study, based on two interacting real PWR sprays.

II. PWR CONTAINMENT SPRAY SYSTEMS

The French PWR containments ~Fig. 1! have generally two series of nozzles placed in circular rows. More precisely, for the 900-MW~electric! PWR, there are exactly four rings of nozzles having the characteristics presented in Table I. A schematic view of these spray rings and the associated spray envelopes are given in Fig. 1. The nozzle type used in many PWRs, in particular, French 900-MW~electric! PWRs, is the socalled SPRACO 1713A, distributed by Lechler under reference 373.084.17.BN ~Fig. 1!. This nozzle is generally used with water at a relative pressure of 350 kPa, producing a flow rate of ;1 ᐉ0s. The outlet orifice diameter is 9.5 mm. The temperature of the injected water during a hypothetical nuclear reactor accident is either from 208C or 608C to 1008C, depending on the kind of process ~the 608C to 1008C process is the socalled recirculation mode!.

III. EXPERIMENTAL MEASUREMENT OF PWR CONTAINMENT SPRAY CHARACTERISTICS

III.A. CALIST Facility

Experiments have been carried out at the French Institut de Radioprotection et Sûreté Nucléaire ~IRSN!, on the CALIST ~Characterization and Application of Large and Industrial Spray Transfer! facility sketched in Fig. 2.

In a room of 7-ϫ 6-ϫ 3.5-m 3 dimensions, the setup is composed of a water-supplying hydraulic circuit and, for these experiments, two interacting spray nozzles with a flow rate of 1 ᐉ0s at a relative pressure of 350 kPa for each nozzle and separated by 42 cm. The water spray, with a temperature of ;158C to 208C, is collected in a 5-m 3 pool. The axial position of the spray nozzle may be changed using a monitored carriage. The measurement of the spray characteristics requires a technique such as light diffraction, shadowgraphy, or phase Doppler interferometry ~PDI!. The latter is chosen since it provides local high-resolution information about the spray drops. Indeed, PDI measures the size and the velocity of drops passing through an optically defined probe volume. [START_REF] Bachalo | Phase Doppler Spray Analyzer for Simultaneous Measurements of Drop Size and Velocity Distributions[END_REF] PDI can measure only droplets of spherical shape. In order to determine where atomization is achieved-and, so, when droplets are spherical-visualization is performed with a Phantom high-speed camera used with a resolution of 800 ϫ 600 pixels at a frequency of 4796 Hz, with an exposure time of 10 ms ~Ref. 16!. The spray is illuminated from the back in order to obtain consistent and machine-readable images. The high-speed visualization shows that the distance from the nozzle exit at which most of the liquid is atomized into droplets is ;20 cm. Therefore, it can be anticipated that at such a distance, PDI measurements of droplets are reliable. Measurements have been performed at 20, 40, 60, and 80 cm from the nozzle exit.

The uncertainty of the measurement radial positions is due to the spray specific oscillations at the considered pressure supply of this spray nozzle. These oscillations were clearly attributed to the spray and not to any system, such as the water pump. They are estimated to be ;1 cm.

The uncertainty of the droplet variables is calculated from three uncertainties: ~a! the uncertainty based on measurement repeatability ~measurements are generally repeated at least three times!; ~b! the uncertainty based on the angular position ~measurements performed at four angular positions, in a spray that has been found to be axisymmetric [START_REF] Foissac | Droplet Size and Velocity Measurements at the Outlet of a Hollow-Cone Spray Nozzle[END_REF] !; and ~c! the uncertainty based on the already mentioned spray oscillations ~the uncertainty of the measurement position introduces an uncertainty of the droplet variable measurement: This uncertainty is thus calculated by estimating the variation of the variable over the radial position!.

An example of the good repeatability of the tests is presented in Fig. 3.

III.B. Characteristics of Droplets 20 cm from the Nozzle

Measurements performed 20 cm from the nozzles are used as inlet conditions of the numerical simulations. At this distance, because of the hollow cone created by these nozzles, most of the droplets are concentrated in an annular area located between 8 and 15 cm from the nozzle axis, with a maximum of presence at 11 cm, as can be seen in Fig. 4a, where the local water concentration is normalized by its maximum value. The geometric mean diameter D 10 , Sauter mean diameter D 32 , and mean velocities are displayed in Fig. 4b as functions of the distance from the nozzle axis. D 10 varies between ;240 and 330 mm. D 32 varies between 360 and 520 mm. This implies dispersion in size. The axial velocity v z is maximum close to the nozzle axis: It is 20 m0s at 8 cm and then decreases radially to 13 m0s at 15 cm. The radial velocity v r is maximal far from the nozzle axis and equal to 7.7 m0s. The orthoradial velocity v u is very low and varies be-tween 0.17 and 0.34 m0s. This means that the swirl created by the nozzle internal geometry is attenuated very quickly in the first centimeters when atomization occurs.

Figure 5 shows the local spray size and axial velocity distributions ~normalized by their maximal values!. One can see that the shape of the size distribution does not depend on the distance from the nozzle axis. The size distribution can be approximated with a lognormal law as presented by Ref. 16.

IV. MODELING OF DROPLET POLYDISPERSION AND COLLISIONS

Numerical simulations have been performed using the NEPTUNE_CFD code. [START_REF] Mimouni | Modelling of Sprays in Containment Applications with a CMFD Code[END_REF] The solver belongs to the well-known class of pressure-based methods. It is able to simulate multicomponent multiphase flows by solving a set of three balance equations for each field ~fluid component and0or phase!. These fields can represent many kinds of multiphase flows: distinct physical components ~e.g., gas, liquid, and solid particles!; thermodynamic phases of the same component ~e.g., liquid water and its vapor!; distinct physical components, some of which split into different groups ~e.g., water and several groups of different-diameter bubbles!; and different forms of the same physical components ~e.g., a continuous liquid field, a dispersed liquid field, a continuous vapor field, and a dispersed vapor field!. The solver is implemented in the NEPTUNE software environment, which is based on a finite volume discretization, together with a collocated arrangement for all variables. The data structure is totally face based, which allows the use of arbitrarily shaped cells ~tetrahedra, hexahedra, prisms, pyramids, etc.! including no conforming meshes. The main interest of the numerical method is the so-called "volume fraction-pressure-energy cycle," which ensures mass and energy conservation and allows strong interface source-term coupling. In the simulations described later, gas turbulence is associated with the k Ϫ « model, whereas dispersed phase turbulence is modeled with the Q2-Q12 model. [START_REF] Simonin | Combustion and Turbulence in Two-Phase Flows[END_REF] For the latter, for each droplet class, the turbulent kinetic energy equation is based on the same turbulent kinetic energy equation as the one used for the gas phase, with a contribution coming from all forces due to the presence of all other droplet classes. Closure laws are also derived from the correlation between gas and droplet fluctuations, leading to a transport equation of this variable based on the Ref. 19 approach, modified by Ref. 18. In this transport equation, the turbulent dynamic viscosity between the gas and the droplets depends on a droplet gas entrainment characteristic time, derived by Ref. 20, and simplified by Ref. 21. In this paper, focus is given on the collision model, which is described in this section.

IV.A. Modeling of Droplet Polydispersion

Reference 6 develops a method to model particle polydispersion in size in Eulerian simulations. The idea is to consider the dispersed phase as a set of continuous "fluid" media: each fluid corresponding to a statistical average between two fixed droplet sizes, namely, a section. The spray is then described by a set of conservation equations for each fluid. In our case, both interacting sprays will be considered as independent fluids, and for each spray or fluid, size distributions are divided into sections of fixed diameter. Sections are chosen as fixed in size, and they exchange mass and momentum in order to model evaporation0condensation or collision phenomena.

IV.B. Mass Balance Equations

The several-fluids model consists of a mass balance equation, where k represents each section and i is the coordinate:

] ]t ~ak r k ! ϩ ] ]x i ~ak r k U k, i ! ϭ G k collision ϩ G k cond0evap , ~1!
where t ϭ time a k , r k , U k, i ϭ void fraction of section k, its averaged density, and its velocity along the coordinate i, respectively

G k collision , G k cond0evap
ϭ mass transfer per unit volume and unit time due to collisions and condensation0evaporation, respectively.

It is assumed that no evaporation or condensation occurs in this case:

G k cond0evap ϭ 0. G k collision consists of a source term G k collϩ and a sink term G k collϪ : G k collision ϭ G k collϩ ϩ G k collϪ . ~2! It can be written that Ά G k collϩ ϭ ( m, n G m, nrk , G k collϪ ϭ Ϫ ( m, n G k, mrn , ~3!
where G m, nrk is the mass transfer from section m to k after a collision between droplets of class m and droplets of class n.

IV.C. Momentum Balance Equations

The momentum balance equation is given by

] ]t ~ak r k U k, i ! ϩ ] ]x j ~ak r k U k, i U k, j ! ϭ Ϫa k ¹p ϩ a k r k g ϩ ¹@a k ~tk ϩ t k T !# ϩ ( m, n G m, nrk ~Um, nrk, i Ϫ U k, i ! , ~4!
where p ϭ pressure g ϭ gravity t k , t k T ϭ molecular and turbulent stress tensors ~Reynolds stress tensor! U m, nrk, i ϭ velocity of section k along coordinate i resulting from the collision between droplets of class m and droplets of class n.

IV.D. Mass Transfer Terms due to Collision

G k collision can be derived from two terms: G k collϩ as a positive term ~creation of droplets of class k! and a negative term G k collϪ ~sink of droplets of class k! due to collisions. The positive term can be expressed as The negative term G k collϪ is described in the same way as the production term, but the outcome collision matrix is different. [START_REF] Foissac | Modélisation des interactions entre gouttes en environnement hostile[END_REF] 

G k collϩ ϭ ( m, n a m r m f m, n @Coll m,

IV.E. Momentum Transfer Term due to Collision

The momentum transfer term due to collision is obtained on the same basis as for mass transfer:

G k ~Ui * Ϫ U k, i ! ϭ ( m, n a m r m f m, n ~Um, nrk, i Ϫ U k, i ! @Coll m, n prob m, n ~We s !# . ~6!
The U i * velocity is the resulting velocity from the collision issue.

IV.F. Collision Frequency Equation

The collision frequency f m, n between droplets from sections m and n is derived from Ref. 23 as follows: 

f m, n ϭ g 0 mn p ͩ d m ϩ d n 2 ͪ 2 n n n m 6U m Ϫ U n 6 ϫ ͫͩ 1 2z ϩ 1 ͪ erf~Mz! ϩ exp~Ϫz! Mpz ͬ with z ϭ 3 4 ~Um Ϫ U n ! 2 q m 2 ϩ q n 2 Ϫ 2Mq m 2 q n 2 j m j n , ~7 

IV.G. Modeling of Collision Issues

Five binary collision outcome regimes can be pointed out: bouncing, coalescence, reflexive separation, stretching separation, and splashing. [START_REF] Roth | Droplet Collision Outcomes at HighWeber Number[END_REF] Looking at the collision pictures, [START_REF] Foissac | Binary Water Droplet Collision Study in Presence of Solid Aerosols in Air[END_REF] one may possibly determine the final daughter diameter and velocity as a function of the initial "parent" diameters, using mass and momentum conservation. These values are summarized in Table II. For the splashing regime, a value of 20 droplets has been estimated, but this should be considered as a first approximation. All these collision issues can be represented by functions depending on the Weber number and the impact parameter of the collision, described hereinafter.

Reference 13 proposes simple formulas expressing the boundaries of collision outcome fields as a function of the symmetric Weber number expressed by We ϭ r

12s d s 3 7 ?u s 7 2 ϩ d l 3 7 ?u l 7 2 d s 2 ϩ d l 2 .

~9!

In our calculations, the expressions of Ref. 13 for collision are used. The critical impact parameter I c ref-coal at which the transition between reflexive separation and coalescence occurs is given by

I c ref-coal ϭ 0.28 Ί 1 Ϫ 0.45
We .

~10!

The critical impact parameter I c stre-coal for the transition between coalescence and stretching separation is expressed by I c stre-coal ϭ MWe stre 2 ϩ 8We stre We Ϫ We stre 4We with We stre ϭ 0.53 .

~11!

The critical impact parameter I c ref-stre between reflexion and stretching is given by

I c ref-stre ϭ Ί 1 Ϫ k 1 ϩ R ref0stre ~12!
with k a viscous dissipation coefficient, found experimentally in Ref. 13 to be equal to 0.9 and with dimensionless number R ref0stre that is found to be 0.28 according to experimental results. [START_REF] Rabe | Experimental Investigation of Water Droplet Binary Collisions and Description of Outcomes with a Symmetric Weber Number[END_REF] Equations ~10!, ~11!, and ~12! for the critical impact parameter, which describe the transition curves between collision regimes, are described in more detail in Ref. 13. They are valid under ambient gas conditions for droplet sizes between 200 and 400 mm, with velocities up to 10 m{s Ϫ1 . Where the transition to bouncing is concerned, the calculations performed here are based on the Ref. 12 model, described by Eq. ~13!:

We coal0boun ϭ D~1 ϩ D 2 !~4F c Ϫ 12! x~1 Ϫ I 2 ! with F c ϭ 2 ͩ 3 w c 2 ϩ 1 ͪ 203 ϩ ͩ 3 w c 2 ϩ 1 ͪ 103 , ~13!
where x is the fraction of volume interaction and D is the diameter ratio. The parameter w c has to be obtained experimentally. Reference 21 performs binary water droplet collision experiments on the bouncing regime and finds the value for w c should be 0.3. Concerning the fifth collision regime, the splashing regime ~collision of two drops leads to the splashing into tiny droplets! is assumed to occur when the symmetrical Weber number is .20, based on experimental observations, [START_REF] Simonin | Prediction of the Dispersed Phase Turbulence in Particle-Laden Jets[END_REF] which have to be confirmed by further experi-ments. The model proposed here for splashing is a first approximation basic threshold model.

When these collision outcome equations are used, the probability prob m, n ~We s ! to obtain a given collision issue regime p at the related Weber number is obtained from the probability of the impact parameter, which follows a sinusoidal law described in detail in Ref. 22. This sinusoidal law results from the study of particle collisions whose trajectories are not correlated.

V. NUMERICAL SIMULATIONS OF SPRAYS

Before performing the simulations on two interacting PWR sprays, we validate simplified cases.

V.A. Validation of Polydispersity and Collision Models on a Simple Case

Reference 10 performs direct numerical simulations ~DNSs! of particle clouds in homogeneous isotropic turbulence, without gravity. Simulations are conducted with an initially lognormal distributed droplet phase, in a cubical domain with 128 3 grid regular points for a cube physical length of 0.128 m and with periodical boundary conditions. An overview of the physical properties is given in Table III.

Figure 6 shows the size distribution evolution at different times, normalized on the initial distribution. One can notice that results from the sectional method described previously, used with nine sections in the NEPTUNE_CFD code, are quite similar to the DNS results. As a consequence, the sectional method and the polydispersity modeling are validated in the case of homogeneous isotropic turbulence. Further elementary simulations should be performed to validate the drift part of the collision frequency 10 since this is the main Reflexive separation Three droplets are created. Three 3

Ί d m 3 ϩ d n 3 3 d m 3 < U m ϩ d n 3 < U n d m 3 ϩ d n 3
Splashing Twenty droplets are created. Twenty

d k ϭ 3 Ί d m 3 ϩ d n 3 20 < U k
phenomenon responsible for the collision in the top of the reactor containment.

V.B. Numerical Simulation of Two PWR Interacting Sprays

Interacting sprays, characterized in the CALIST facility, are simulated inside a parallelepiped mesh of 800 000 hexahedra regular cells, representing a domain of 1.20 ϫ 0.80 ϫ 2 m. All boundaries are considered as free outputs, except the top face, which contains the input and walls around, with no friction, and where velocity can only be tangential. Since the spray produced by these nozzles is a hollow cone extending 20 cm from the nozzle, the input domain is modeled by two annular rings of 18-cm internal diameter and 26-cm external diameter. Droplets are injected from this annular ring with the size distribution presented in Fig. 4. In Fig. 4, one can see that the axial velocity decreases from 20 to 15 m0s with the distance to the nozzle axis.

In these simulations, we assumed that the injection velocity is independent of the position. We chose a value of 18.6 m0s, that is, the velocity 11 cm from the nozzle axis, where the volumetric fraction is maximal. Estimating the value of one single radial velocity for the simulation is more difficult. Indeed, this value is very important since it is the main component of the relative velocity of the droplets when the spray interacts and thus can modify the value of the Weber number and the collision efficiency. A value of 7.7 m0s was chosen according to the results presented in Fig. 3. The orthoradial velocity was neglected because of its low value. Each spray size distribution was separated into nine sections ~Fig. 7!, whose void fractions were adjusted from the assumed droplet size distribution in order to obtain a mass flow rate of 1 kg0s, as measured on the real PWR nozzle for a relative pressure of 3.5 bars.

The experimental and numerical local size distributions obtained are compared in Fig. 8 for different positions along the symmetrical axis. Code-experiment comparison leads to very encouraging results. The same overall size distribution is obtained in the experiment and in the calculations.

It is clear that the droplet size decreases since the mean geometric diameter is ;300 mm before spray interaction and ;200 mm after spray interaction ~Fig. 8!. This decrease can have two origins. First, it can be due to collisions at high Weber number that occur when sprays interact: In the interaction area, the collision frequency reaches a maximum of ;10 11 collisions{ m Ϫ3 {s Ϫ1 , and the Weber number is very high, so that collisions could lead to breakup. [START_REF] Simonin | Prediction of the Dispersed Phase Turbulence in Particle-Laden Jets[END_REF] This size decrease is also due to the entrainment of the smallest droplets in the direction of the symmetrical axis. [START_REF] Cossali | An Integral Model for Gas Entrainment into Full Cone Sprays[END_REF] The smallest droplets are drifted away in the air flow, whereas the biggest droplets, having more inertia, are not altered in the spray interacting area.

At this stage, it is difficult to explain the main phenomenon occurring because initial conditions and boundary conditions play a significant role. Calculations presented here have been performed with constant radial and axial velocity profiles. The difference between calculations using one single mean velocity compared to calculations using a real velocity profile has been recently investigated with one single spray simulation, as described in Ref. 27, indicating that further calculations of the interacting sprays using the exact experimental velocity profiles could be performed in the future to improve the numerical results.

Thus, for the sake of caution, it is preferred to test many parameters to evaluate their influence. Future work will thus be performed on the impact of the radial velocity at the inlet since it is involved in many critical parameters like the Weber number and the collision frequency. The sensitivity to the mesh or the choice of intervals of the size distribution are also issues for future work.

VI. CONCLUSION

A numerical simulation of the interaction between two PWR containment sprays has been performed with a new model of polydispersion and collision of droplets implemented into the Eulerian CFD code NEPTUNE_CFD. The droplet size and velocity distributions at a distance of 20 cm below the spray nozzle outlet have been precisely measured and used as input data in the calculations. The water droplet polydispersion in size has been treated with a sectional approach. The influence of collisions between droplets is taken into account with a statistical approach based on the various outcomes of binary collisions.

An elementary validation of one part of the collision model is performed, and our results are in good agreement with the DNS calculations. A two-fluid multidimensional simulation, based on two interacting real PWR spray nozzles, is compared to the results obtained in the CALIST facility and shows good agreement. These first results allow us to continue sensitivity studies in order to evaluate the most important phenomena involved in the droplet characteristics' evolution ~condensation, evaporation, entrainment, and collision!. For this purpose, more elementary simulations are however still needed. The impact of boundary conditions of the droplet characteristics has to be evaluated, as well as the validation of the gas entrainment by one single PWR spray assuming the simplified boundary conditions generally used in nuclear reactor simulations ~one single droplet size and initial velocity characterize the spray!. For these purposes, an experiment to characterize the gas entrainment by a single PWR spray has been performed in the CALIST facility. These results allowed evaluation of the ability of codes to simulate the gas entrainment produced by a PWR spray and were proposed for benchmarking activities within the European Network of Excellence SARNET-2 ~Ref. 28!. Knowledge of these characteristics could be important to eval-uate the efficiency of these spray systems in terms of depressurization, hydrogen mixing, and radioactive aerosol scavenging for applications concerning nuclear reactor accidents. 
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 1 Fig. 1. Spray rings and envelopes in a French PWR ~not at scale! and spray nozzle SPRACO 1713A ~Lechler 373.084.17.BN!.
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 2 Fig. 2. CALIST water-spray experimental facility.
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 3 Fig. 3. Repeatability study on droplet size measurements.

Fig. 4 .

 4 Fig. 4. Mean characteristics of the spray 20 cm from the nozzle outlet ~error bars are given for a 67% interval of confidence!.
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 5 Fig. 5. Experimental size and axial velocity distributions 20 cm from the nozzle, presented for different distances from the nozzle axis.
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 6 Fig. 6. Droplet size distribution evolution in time, comparison of DNS ~Ref. 10! and present sectional method.

Fig. 7 .

 7 Fig. 7. Sections used for the numerical simulation, associated with the experimental size distribution to the location 20 cm from the nozzle.

Fig. 8 .

 8 Fig. 8. Comparison between experimental and numerical size distributions on the symmetrical axis and for different distances from the inlet.

TABLE I Characteristics

 I 

			of Spray Rings for the French
		900-MW~electric! PWR	
					Approximated
					Distance
					Between
		Height	Diameter	Number	Nozzles
		~m!	~m!	of Nozzles	~m!
	First ring	54.8	10.0	66	0.5
	Second ring 54.2	14.8	68	0.7
	Third ring	52.3	22.5	186	0.4
	Fourth ring 51.0	27.0	186	0.4

  n prob m, n ~We s !# , ~5!

	where
	We s ϭ symmetric Weber number of the collision
	f m, n ϭ collision frequency between droplets of
	class m and n, described in Sec. III.F
	prob m, n ϭ matrix of probabilities to obtain a given
	collision issue regime at the related Weber
	number described in Sec. III.G
	Coll m, n ϭ so-called outcome collision matrix of
	each regime, described in more detail in
	Ref. 22.

TABLE II Daughter

 II Droplet Diameters of Two Parents' Droplets After a Binary Collision for Different Regimes

			Number of Formed	Final Droplet	Final Droplet
		Observations of Binary	Droplets in the	Diameter in the	Velocity in the
	Collision Outcome	Collision Issues	Calculation	Calculation	Calculation
	Bouncing	No change	Two	d m and d n	< U m and < U n
	Coalescence	Creation of one droplet	One	3 Md m 3 ϩ d n 3	d m 3 < U m ϩ d n 3 < U n d m 3 ϩ d n 3
	Stretching separation	Satellite droplets are neglected.	Two	d m and d n	< U m and < U n