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Absract. Multilayer deposition of solid aerosol particles in turbulent flows has gained a growing interest in various industrial applications. A notable example is the formation of multilayer deposit in gas-cooled high temperature reactors. Simulation is of great importance to nuclear safety, since it helps predict the deposition of radioactive carbonaceous dust in the primary circuit of the reactor. The multilayer deposition of graphite aerosol particles in an obstructed turbulent channel flow is here numerically investigated at Reynolds number Re = 10,000. A large eddy simulation is employed to simulate particle deposition, while self-organised criticality is used to reproduce the growth of the multilayer deposit. The result of the three-dimensional quasi-static simulation matches well the on-site experimental data.
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1. INTRODUCTION

1.1. MOTIVATION
Multilayer deposition of micron aerosol particles spans a wide range of applications, such as sedimentation of atmospheric particles, surface obscuration and deposition in ventilation ducts. The deposition of aerosol particles has gained an increasing interest in nuclear safety research. During operation of a graphite moderated High Temperature Reactor (HTR) the friction between the graphite components within the core together with oxidation initiate the production of carbonaceous dust. The graphite dust is then conveyed by the coolant gas and eventually deposits in the primary circuit over the course of years. The multilayer deposit becomes a major source term (Lecrivain et al., 2013; Kissane, 2009). In the unlikely event of a nuclear accident, such as a depressurisation in the primary circuit, contaminated particles may be remobilised and escape system boundaries.

1.2. MULTILAYER DEPOSITION IN TURBULENT FLOWS
There exist very scarce literature on multilayer particle deposition in turbulent. The complexity of the mechanisms involved in the process makes it particularly difficult to build computer models. Multilayer deposition involves particle transport in turbulent flows and multilayer deposition. These two phenomena have largely been studied from two different standpoints. Particle transport obeys laws of fluid mechanics whereas multilayer deposition obeys laws of dry granular mechanics. Similarly to powders, the multilayer deposit exhibits a granular behaviour. One of the striking features of granular materials is the existence of a finite slope, given by the static angle of repose αs, below which the material is at rest. A small stream of particulate matter falling down from a point source on a flat surface will form a cone. The cone maintains under gravity a constant angle αs beyond which the excess material is lost through avalanches (Grasselli and Herrmann, 1997). The present paper seeks to combine fluid mechanics and a granular model to simulate the three-dimensional multilayer deposition of solid aerosol particles in an obstructed channel flow.

1.3. GRANULAR PILE MODELS
Similarly to sand piles the multilayer deposit obeys laws of dry granular mechanics. Various methods, each having cons and pros, have been developed to simulate heap formation (identical to pile formation), whose shape is characterised by the angle of repose. An extensive review of the current literature has shown that three approaches have been favoured in the recent years: the discrete element method, the differential approach and cellular automata.

The discrete element method is a volume-based method. The heap is made of a large number of grains. Each individual grain is modelled as rigid body which interacts with its neighbours through contact forces. This method has been extensively used to study heap formation, particle packing, piling process and flows in silos (Zhu et al., 2007). The relatively heavy computational cost of this method makes it however unattractive for large systems. Pöschel and Schwager (2010) suggested that personal computers can handle systems of about 20,000 particles.

The differential approach is a surface-based method, i.e. only height of the granular interface separating the multilayer deposit from the ambient gas is computed. Prigozhin (1996) was among the firsts to propose a continuous analytical model for quasi-stationary heap formation. This approach is however complex since it involves solving a complex system of partial differential equations.

The emergence of cellular automaton to simulate avalanches on the surface of a granular heap goes back to 1988 when Bak et al. introduced the concept of self-organized criticality. One of the first granular systems, for which cellular automaton was developed, involved the addition of one grain at a time on a pile. The small perturbations to the system, i.e. the addition of a single grain, caused avalanche propagations. As illustrated in Figure 1 a typical one-dimensional pile was regarded as a decreasing sequence of integers hi representing the column height of the i-th site. The dynamics of avalanches was simply described by two operators: adding a grain to the pile and relaxing the slope of the pile wherever the local gradient exceeded a critical stability threshold (Aschwanden, 2011). The stability of a column depended on the local gradient [image: image2.png]Ah=h, —h..,



. If the local gradient exceeded the threshold [image: image4.png]Aht®



, in that case unity, the grain in question toppled down in the next lower bin. The development of cellular automata has since been successfully extended to simulate three-dimensional heap formation. Unlike the discrete element method and the differential approach, implementation of this surface-based method is relatively simpler. Self organized criticality will therefore be used in the present work to predict multilayer deposition in an obstructed turbulent channel flow.
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Fig. 1:
Addition of a grain on a one-dimensional pile. The grain toppled in the next lower bin until it reaches a stable position.

2. METHOD
2.1. CHANNEL GEOMETRY
The present numerical experiment takes place in a three-dimensional horizontal duct flow having a rib-roughened bottom wall surface, which corresponds to our experimental onsite wind tunnel (Lecrivain and Hampel, 2012; Barth et al., 2013). A sketch of the obstructed test section can be seen in Figure 2. The channel height, the channel length, the rib height and the rib pitch are denoted by H, L, e and p, respectively. The channel height equals H = 0.1 m and the ratio of the channel length to height is set to L/H = 20. The height of the square rib obstructs the channel by e/H = 10%. The rib pitch, defined as the distance from one leading edge to the next leading edge, is p = H. A total of 17 ribs are placed in the experimental channel. The dimensions of the channel and of the obstruction are chosen to match the geometry of experimental test facility built on-site. To cut down on simulation time, only the three dimensional flow around one obstacle is here simulated by enforcing a periodic boundary condition.
2.2. GAS PHASE SIMULATION
Reynolds Averaged Navier-Stokes (RANS) turbulence models usually give acceptable results for most engineering applications. RANS simulations are fast and robust but often fail to accurately capture complex flow structures. Large Eddy Simulation (LES) appears to be a more natural candidate for the unsteady simulation of complex flow separations. The potential accuracy of LES is generally well acknowledged in the literature. The great computational cost resulting from a fine mesh resolution near the solid boundaries makes it however unattractive for practical applications. Detached Eddy Simulation (DES) overcomes these wall restrictions by considerably cutting down the cost of a computation. It is a hybrid method in which LES is employed in core and separated flow regions while near the wall RANS model has complete control over the solution. For the current investigation, the DES formulation proposed by Spalart et al. (1998) is used. 
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Fig. 2: Schematic of the obstructed channel.

2.3. PARTICULATE PHASE SIMULATION
As a result of the high particle dilution, a one-way coupling approach involving no particle influence on the continuous phase and no particle-particle interaction is sufficient to simulate the aerosol transport. Molecular diffusion does not apply here since particle size exceeds 1 µm (Tian and Ahmadi, 2007). The large particle-to-fluid density ratio S implies a negligible effect of the Saffman lift force (Arcen et al., 2006). Thus retaining only drag and gravitational accelerations, the equation of motion for a particle in a turbulent flow reads
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In above equation, up is the particle velocity and uf is the resolved component of instantaneous fluid velocity derived from the LES simulation. The response time τp of a spherical inertial particle is defined as
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where dp is the particle diameter and [image: image10.png]


 is the fluid kinematic viscosity. The drag correction factor αp derived from the semi-empirical formula of Schiller and Naumann is a non-linear function of the particle Reynolds number Rep. Its formulation is given by 
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The term Rep is the particle Reynolds number based on the relative particle velocity to the fluid velocity and the particle diameter. The solid aerosol particles are spherical in the simulation. A particle is assumed deposited when the distance from the particle centre to the wall is smaller than the particle radius.

2.4. GRANULAR PHASE SIMULATION
The growth of the multilayer deposit as a result of particle deposition is simulated on an unstructured lattice. The disorder in the lattice ensures an anisotropic mass transfer during the avalanches. The lattice is obtained from a Delaunay triangulation of randomly distributed points. The lattice is made up of about 10,000 points, henceforth referred to as sites. This latter can be seen in Figure 3.

The process of distributing depositing material is derived from the work of Puhl (1993). A real function h describing the pile height is associated to each site. The stability of a site in a given direction solely depends on the nearest neighbours, i.e. the nearest connected sites. A site is said unstable or critical in the i-th direction if the difference in height [image: image13.png]


 between the site in question and the i-th nearest site exceeds a threshold[image: image15.png]Art®



. The threshold is a function of the i-th distance between the two sites and the angle of repose 
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If the site is unstable in the i-th direction, a small amount of mass topples down to the adjacent site. It mathematically means
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where ξ is a non dimensional mass coefficient ranging from 0 to 1. In the original model of Puhl (1993), one cubical sand grain is toppled at a time. It would however be very time-consuming to simulate the toppling of each grain in the present computer model. The coefficient ξ is therefore introduced to reproduce a small mass transfer. In this case we had ξ = 0.05 which was found to yield a good compromise between accuracy and execution time. The order in which the neighbours of each site are tested is fixed. Random permutations of the directions did not show any improvements. For the test we choose to update the whole lattice at each sweep.

The procedure was tested to grow single and multiple heaps. Virtual columns of material were placed on some specific sites. Collapse of these columns on the obstructed channel is illustrated in Figure 3. One may see that the heap slope relative to the horizontal lattice exactly corresponds to the angle of repose αs=35°.
2.5. COUPLING
A three dimensional quasi-static simulation is performed to numerically reproduce the growth of the dust layer. The iterative process used to reproduce the layer build-up is decomposed as follows: a DES model is employed to generate the flow field and disperse the particles. After statistically sufficient deposition of particulate matter, the dust layer build-up is computed using mechanics of dry granular material. The resulting interface separating the dust layer from the gas phase is then used to update the wall boundaries of the computational domain prior to the next flow simulation. The procedure is repeated until the dust layer reaches appropriate growth.

It would be extremely time-consuming to run one single simulation and try to reproduce the continuously growing layer thickness in turbulent condition. To speed-up the simulation, the deposition is discretized into a series of quasi-static events. Each event simulation has however its own computational cost since it involves various subtasks: meshing, flow solver, particle tracking and build-up computation. A too fine discretization (for instance an event lasting a few seconds) would similarly result in an enormous computational afford. Over the course of each event the boundaries of the computational domain are quasi-constant which guarantees a constant particle mass flux. The few seconds of deposition can therefore be extrapolated in time to reproduce a much longer exposition with no significant loss of accuracy.
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Fig. 3. Simulation of heap formations on obstructed channel bottom. From left to right: no material feeding, one point source, two point sources. The lattice is coloured by altitude
3. RESULTS AND DISCUSSIONS
3.1. FLOW PREDICTION
The wall-bounded flow is driven by a pressure gradient. Periodicity is enforced at the inlet and at the outlet of the domain. Figure 4 shows the instantaneous and time-averaged flow field through the cross-sectional of channel subject to no deposition. Three flow zones exhibiting a strong rotating nature can be observed near the rib. The largest zone corresponds to the main separation downstream of the rib. The two smaller zones correspond, respectively, to the recirculation at the downstream and at the upstream corner of the rib. Samples of the velocity field measured numerically at various positions matched remarkably well the experimental data of Viswanathan and Tafti (2006) and of Casarsa and Arts (2005). Comparisons are however not shown here because of size restriction.
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Fig. 4: Instantaneous and time averaged velocity field [m/s] through channel mid-section.

3.2. MULTILAYER DEPOSITION
The numerical simulation of the layer build-up is compared with experimental data performed on-site. In the present experimental test, approximately 200 g of carbonaceous dust is injected in the square duct. To observe the build-up progress the experiment is paused each hour and the dust layer thickness in the downstream cavities is measured using a laser scanner. The laser is here used to avoid direct contact that could potentially change the shape of the multilayer deposit. Four hours of deposition are captured experimentally. This long period of time is necessary to achieve heavy deposition at low particle concentration. A more detailed description of the experimental data acquisition set up can be found in the work of Barth et al. (2013).

In this work, each event reproduces 30 min of real deposition which corresponds to a vertical geometric change of about 1% of the channel height. The discretisation step chosen here reaches a compromise between solution accuracy and computational cost. Each event involves the transport of about 106 particles. The flow is initially run 40 flow-through times to remove artificial turbulent structures, originating from the initial flow perturbation. One flow-through time equals the length of the domain H divided by the mean bulk velocity in streamwise direction. Particles are then carried by the flow domain for 40 extra flow-through times. The deposition of the particles is used to compute the particle mass flux on the channel bottom and on channel sides. The multilayer deposition on vertical surfaces of the obstructions occurs neither in the simulation nor in the experiment. Experimental observations have shown that particles tend to agglomerate and eventually fall down because of gravity effects (Lecrivain et al., 2013). The mass depositing on vertical surfaces therefore solely contributes to the layer build-up on horizontal surfaces through a transfer of material. The value of the particle mass flux on each site of the lattice is used to compute the columns of material. After collapse of the columns a new mesh is created and the procedure reiterates until the 4 hours of deposition are completed. Figure 5 shows the results obtained from the simulation. The black line in the channel mid-section is compared with experimental data in Figure 6. The simulation matches remarkably well experimental data.

4. CONCLUSIONS
A novel three-dimensional multilayer deposition model was developed and successfully tested in a complex turbulent flow. The transport, deposition and layer build-up of graphite dust in a channel flow obstructed by a series of ribs placed on the bottom wall was investigated numerically and compared with on-site experimental data. The simulation matched remarkably well experimental data.
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Fig. 5: Simulation of the multilayer deposit after 4 hours of deposition.
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Fig. 6:
Evolution of the multilayer deposit at the mid-section of the obstructed channel. The point cloud represents the granular interface derived from experimental data. The grey region is derived from the present simulation
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