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This paper presents a numerical modelling of nanoparticles jet under pressure in which the breakage of nanoparticles aggregates and the drag force are simulated by Code_Saturne. Within a nanoparticles jet, the size distribution and number concentration of aggregates evolves due to the breakage of aggregates under the fluid turbulence. The breakage of aggregates has been modeled by implementing a Monte-Carlo method within Code_Saturne under Euler-Lagrange approach. The numerical results show that the breakage of aggregates is very strong in the turbulence field near the leakage. When aggregates leave this near field, the breakage decreases because of lower turbulence and in the same time the aggregate size decreases which enhances aggregate strength. The sensitivity of the breakage theoretical model to the resistance of aggregates under various conditions of turbulent fluid dissipation shows an expected trend. Those numerical results need to be compared with experimental data when available in the future.

Introduction

Nowadays, nanomaterials are more and more used in industrial process leading to a significant increase in terms of interest and budget (Kuhlbusch et al, 2011). In this context, it is very important to identify the risk scenario case related to use of nanoparticles. Within several accidental scenario cases, the case of leakage of conveying pipe happened in the pass, for example, in Blanzy, (France, 2012). Although, this scenario case has very few attentions in the literature. Some experimentations investigate the behavior of nanoparticles in different configuration such free fall [START_REF] Ibaseta | SFGP 2007 -Ultrafine Aerosol Generation from Free Falling Nanopowders: Experiments and Numerical Modelling[END_REF] or flow under pressure in a small device [START_REF] Stahlmecke | Investigation of airborne nanopowder agglomerate stability in an orifice under various differential pressure conditions[END_REF], Yaobo et al., 2016) but those experimentations did not propose a model to predict the dispersion and the size-evolution of the nanoparticles. In parallel with those experiments, some authors investigate numerically the formation of aggregates composed of nanoparticle [START_REF] Iglberger | Simulation of moving particles in 3D with the Lattice Boltzmann method[END_REF][START_REF] Vanni | Accurate modelling of flow induced stresses in rigid colloidal aggregates[END_REF][START_REF] Dietzel | Application of the Lattice-Boltzmann Method for Particle-laden Flows: Point-particles and Fully Resolved Particles[END_REF]. Those numerical simulations are very computationally expensive and cannot be applied for industrial applications or for risk studies. In order to model the nanoparticles jet, a specific CFD numerical tool need to be developed. After an analysis of physical phenomena related to nanoparticles jet [START_REF] Lacome | A Few fundamental aspects related to the modeling of an accidental massive jet release of nanoparticles[END_REF], the drag force on aggregates and the breakage of aggregates are considered as important in this configuration. The drag force on aggregates influences the dynamic of aggregates. The breakage of aggregates by fluid turbulence influence the size distribution and number concentration of aggregates which are both important parameter for different other studies. Many studies in the literature try to understand the breakage mechanism of aggregates by numerical simulation [START_REF] Graham | Mechanistic analysis and computer simulation of the aerodynamic dispersion of loose aggregates[END_REF] or by experiments [START_REF] Yaobo | A system to assess the stability of airborne nanoparticle agglomerates under aerodynamic shear[END_REF]. The breakage of aggregates can be caused by different effects as the fluid turbulence, the collision between aggregates and a surface, inter-aggregate collisions, etc... In a nanoparticle jet, we consider that the fluid turbulence is the main effect for the breakage. In this study, we use the probabilistic approach from experimental results of [START_REF] Karel | The influence of turbulence on aggregation of small particle in agitated vessels[END_REF] to model the breakage of aggregates. Recently, Code_Saturne v3.0, developed by EDF, was well validated with experimental data for microparticle case [START_REF] Le | Modelling of test case particle-laden jet with NEPTUNE/CFD, 14th Workshop on two-phase flow predictions[END_REF] and is ready to simulate the nanoparticle jet.

Characterization and physics of aggregates of nanoparticles

This section introduces the main physics acting in nanoparticles jet and the model used in the present study.

Fractal model of aggregates

Aggregate is an ensemble of nanoparticles, called primary particles, linked to each other by weak force as van der Waals force. Although if primary particles are spherical, aggregate do not have spherical shape. The shape of an aggregate can be characterized by a fractal dimension which link the number of primary particle in aggregate with its diameter [START_REF] Marco | Creeping flow over spherical permeable aggregates[END_REF]:

𝑁 𝑝𝑝 = 𝑘 𝑓 ( 𝑑 𝐴 𝑑 𝑝𝑝 ) 𝐷 𝑓 (1)
where 𝑘 𝑓 = 0.414𝐷 𝑓 -0.211 and 𝑑 𝐴 is the interception diameter of the aggregate (basically it is the longest distance of the primary particle and the mass center of aggregate). In (1), 𝑑 𝑝𝑝 is the primary particle diameter. The discussion of other model of 𝑘 𝑓 with respect to the choice of 𝑑 𝐴 is discussed in Gmachowski (2005).

Drag model for aggregates

In the literature, the simple model of drag coefficient for aggregates, proposed by [START_REF] Marco | Creeping flow over spherical permeable aggregates[END_REF] is based on a correction of the drag coefficient of a spherical particle :

𝐶 𝑑,𝐹 = 𝐶 𝑑 ×Ω (2)
where 𝐶 𝑑 is the drag coefficient of a spherical particle and Ω a correction taking into account the permeability, the porosity and the fractal dimension of the aggregate. The coefficient Ω is modeled as following :

Ω = 2𝛽²(𝛽-𝑡𝑎𝑛ℎ𝛽) 2𝛽 3 +3(𝛽-𝑡𝑎𝑛ℎ𝛽) (3) 
where 𝛽 = 𝑑 𝐴 /(2𝜅) and 𝜅 is the permeability of aggregate. The detail model of the drag coefficient can be founded in [START_REF] Marco | Creeping flow over spherical permeable aggregates[END_REF]. In our study, we use this simple relation to model the drag on aggregate.

Breakage model for aggregates

The breakage frequency of aggregates by the fluid turbulence has been investigated by [START_REF] Karel | The influence of turbulence on aggregation of small particle in agitated vessels[END_REF] who proposes the following expression :

𝜔 𝑓𝑟 = ( 2 𝜋 ) 1 2 Δ𝑢 𝑓 𝑑 𝐴 exp (- 𝑉 𝑏,𝑐 2 2Δ𝑢 𝑓 2 ) (4)
where the term Δ𝑢 𝑓 /𝑑 𝐴 is modeled by the following relation :

Δ𝑢 𝑓 𝑑 𝐴 = ( 2𝜀 𝑓 15𝜈 𝑓 ) 1/2 (5)
with 𝜀 𝑓 the turbulent fluid dissipation and 𝜈 𝑓 is the fluid kinematic viscosity.

The term 𝑉 𝑏,𝑐 represents the strength or the resistance of aggregates to a given shear. That resistance is related to the cohesion of aggregates with different forces between primary particle as van der Waals force or capillary force. In our study, by analogy with the study of droplet breakage [START_REF] Michael | Coagulation in turbulent flow : theory and experiment[END_REF], we propose to model this resistance as following :

𝑉 𝑏,𝑐 = ( 𝜎 𝑟𝑒𝑠 𝜌 𝐴 ) 1/2 (6)
where 𝜌 𝐴 is the aggregate density and 𝜎 𝑟𝑒𝑠 the aggregate strength. [START_REF] Reynolds | Breakage in granulation: a review[END_REF] discussed the complexity to determine the aggregate strength with experimental method and different models proposed in the literature. In this study, aggregates are released in the air where the van der Waals force play an important role in an aggregate. The aggregate strength is modeled by [START_REF] Rumpf | Grundlagen und Methoden des Granulierens[END_REF] model :

𝜎 𝑟𝑒𝑠 = 9 8 𝑘 𝑐 𝜙 𝐹 𝑎𝑑 𝜋 𝑑 𝑝𝑝 2 (7) 
In ( 7), the parameters are following:

• 𝑘 𝑐 is the mean coordination number inside the aggregate [START_REF] Karel | The influence of turbulence on aggregation of small particle in agitated vessels[END_REF] :

𝑘 𝑐 ≈ 15𝜙 1.2 (8) 
• 𝜙 the mean solid volume fraction of aggregate [START_REF] Marco | Creeping flow over spherical permeable aggregates[END_REF] :

𝜙 = 𝑘 𝑓 ( 𝑑 𝐴 𝑑 𝑝𝑝 ) 𝐷 𝑓 -3 (9) 
• 𝐹 𝑎𝑑 the adhesion force between primary particles [START_REF] Daniele | Implementation of the quadrature method of moments in CFD codes for aggregation-breakage problems[END_REF] :

𝐹 𝑎𝑑 = 𝐴 12 𝑑 𝑝𝑝 𝑥 12 2 ( 10 
)
where A is the Hamaker constant, 𝐴 = 15. 10 -20 J and 𝑥 12 2 = 4. 10 -10 m for titanium dioxide (Ibaseta, 2007).

When breakage occurs, different fragments of different sizes can be formed with respect to the applied force, the fractal dimension and the strength of aggregates. Several studies have investigated this aspect by both numerical (Sator et al., 2007) and experimental approach [START_REF] Ihalainen | Experimental study on bounce of submicron agglomerates upon inertial impaction[END_REF] but none of the model can well predict the results of the breakage of aggregates. Also by experimental approach, [START_REF] Yeung | Micromechanics: a new approach to studying the strength and breakup of flocs[END_REF] show that the breakage in large pieces is prominent for aggregates of low fractal dimension of 1.8 and the attrition and detachment of primary particles from aggregate surface is prominent for high fractal dimension of 2.4. By chosen 𝐷 𝑓 = 1.8 in our study, we consider only binary breakage, i.e., each breakage gives only two fragments. The case of several fragments is considered as multiples breakages. Additionally, we consider in our study that the size of the fragment is calculated based on the uniform probability.

Monte -Carlo numerical method for breakage of aggregate

The Monte -Carlo method used to model the breakage of aggregates follows several steps : 1. Solve the trajectory equation for particle 2. Calculate the probability of breakage based on the frequency of breakage 3. Generate a random number α between 0 and 1. If the random number is smaller than the probability of breakage, the breakage occurs. 4. If the breakage occurs.

• Generate a random number Pm and calculate the new properties of aggregate • Create a new parcel with properties of first fragment and modify the old parcel with properties of second fragment.

Numerical simulation of Code_Saturne v3.0

In this section, we present the results of numerical simulation for both gas and aggregate phases. Finally, an analysis of several parameters, introduced in section 2, is presented.

Description of simulation case

The numerical simulation considers an air flow loaded of nanoparticle aggregates. The mixture enters in the test chambers through a nozzle of injection located at the top of the computational domain. The study focuses on the instantaneous release of aggregates. The breakage of aggregates is caused only by the turbulence created by the air flow. In our study, the inter-particle collisions are not modelled yet. The turbulence model k-ε monophasic standard is used. The simulation is performed in two steps to save simulation time:

1. The first step consists in simulating the fluid phase motion without aggregates during 5 seconds in order to assess the velocity and the dissipation of the flow. 2. In the second step, the evolution of aggregates is simulated within a frozen flow. 

Table 1. Fluid and aggregates material properties

Numerical results

The results of gas phase after 5 seconds of simulation are presented in the figure 2 for the gas velocity field and dissipation field. The velocity and dissipation fields of the fluid phase are consistent with the preliminary study [START_REF] Le | Modelling of test case particle-laden jet with NEPTUNE/CFD, 14th Workshop on two-phase flow predictions[END_REF] that showed good comparisons with experimental data of Hadinoto et al, (2015). We observe that the dissipation of the fluid is stronger near the nozzle. The qualitative results for aggregates are presented in the figure 3 When aggregates move away from the strong dissipation field, the breakage becomes weak and the particle size distribution does not change as showed in figure 4. For this case, the mean diameter of aggregates is still in the microscale. However, we can observe that there are 1% of aggregates in the first intervals which are in nano-scale.

Parameters analysis

The two contributions of the breakage frequency are the resistance of aggregates (𝑽 𝒃,𝒄 ) and the turbulent fluid dissipation that is a result from the CFD computation of the fluid phase. For different cases, the dissipation is increased and the resistance of aggregate is decreased related to the reference case in order to observe the evolution of mean number and mean diameter of aggregates. As can be seen in Figure 4, in the reference case, the aggregate size distribution is stable after 5.2 second. In all simulations presented here, the mean aggregate number and the mean aggregate size are calculated between 5.2 and 5.5 second.

The final results are presented in the figure 5. When the resistance of aggregates decreases and the fluid dissipation increase, the breakage of aggregates will be more important. The results show that the number of aggregates increases and whereas the mean diameter of aggregates decreases. The trend obtained was expected.

Conclusion

The drag model for aggregates and the breakage model for aggregates have been implemented in Code_Saturne v3.0. The Monte-Carlo method was used to simulate the breakage of aggregates. The results show that the breakage of aggregates is very strong near the injection field. After that the breakage does not play an important role. The trend of the number concentration and distribution size are expected when the fluid dissipation and aggregate strength varies. In the future, the numerical results need to be compared with experimental data.

  Figure 1. Mesh and boundary conditions used in the numerical simulation.
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 2 Figure 2. Qualitative result of fluid phase. (a) Velocity field. (b) Dissipation field. Time simulation is 5 s.
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 3 Figure 3. 3d instantaneous snapshot of the numerical simulation with aggregates. The number and size of aggregates changes because of the breakage. Time of lagrangian simulation is 0.2 second.We can observe that initially, the number of aggregates increases very fast because they stay inside the strong dissipation field of the fluid. After this phase, a few aggregates have breakage. The size distribution of aggregates for different times in the simulation is presented in the figure4.
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 4 Figure 4. Distribution function of aggregate diameter for different times in the simulation within the whole domain

Figure 5 .

 5 Figure 5. Number of aggregates normalized by initial number of aggregates (a) and diameter of aggregates normalized by initial diameter of aggregates (b) in function of fluid dissipation normalized by reference case.
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