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Highlights

-Granular regimes are identified in a rotary drum composed from 1 to 25 flights.

-Impaired mass transport occurred in an under-loading regime.

-Different methodologies for airborne portion detection are compared.

-Dispersion of the airborne particles is discussed.

Introduction

The rotary kiln is an industrial facility that covers numerous fields of applications involving heat transfer between a solid load and freeboard gases [START_REF] Gallo | A lab-scale rotary kiln for thermal treatment of particulate materials under high concentrated solar radiation: Experimental assessment and transient numerical modeling[END_REF] by convective, conductive, and radiative mechanisms which operate simultaneously [START_REF] Le Guen | Heat convection and radiation in flighted rotary kilns: A minimal model[END_REF]) [START_REF] Seidenbecher | Temperature analysis in flighted rotary drums and the influence of operating parameters[END_REF]. The kinematics of the granular system plays a significant interest in the energy performance process [START_REF] Tavakkol | An Eulerian-Lagrangian method for wet biomass carbonization in rotary kiln reactors[END_REF]. Without any baffle, four modes of behavior depending on the drum's rotation speed can arise: avalanching, rolling, cataracting, or centrifuging [START_REF] Mellmann | The transverse motion of solids in rotating cylinders-forms of motion and transition behavior[END_REF]. A granular curtain occurs only if a set of baffles are sealed at the inner drum wall. It promotes a significant airborne portion of the granular medium [START_REF] Paredes | The effect of operating conditions on the residence time distribution and axial dispersion coefficient of a cohesive powder in a rotary kiln[END_REF]. The airborne portion offers an augmentation of the area of exchange between the freeboard gases and the granular materials compared to the smooth case. The increasing of the active surface area between the granular material and the hot gases media is suited for the heating and drying operations, e.g., sludge drying [START_REF] Ettahi | Modeling and Design of a Solar Rotary Dryer Bench Test for Phosphate Sludge[END_REF] or clinkering calcination [START_REF] Mungyeko Bisulandu | Rotary kiln process: An overview of physical mechanisms, models and applications[END_REF], drying of mineral [START_REF] Le Guen | Convective heat transfer analysis in aggregates rotary drum reactor[END_REF] or olive stones, (Gómez-de la [START_REF] Cruz | Energy and exergy analysis during drying in rotary dryers from finite control volumes: Applications to the drying of olive stone[END_REF]. The contribution of the convective and radiative heat exchanges in the airborne portion was recognized as no-negligible for the hightemperature processes [START_REF] Piton | A coupled thermal-granular model in flights rotary kiln: Industrial validation and process design[END_REF]. Even if the conductive transfers into the bed of grains remain generally much less critical than the two others, the conductive processes are nevertheless responsible for regenerative heat exchanges in rotary kiln [START_REF] Herz | Experimental study of the contact heat transfer coefficient between the covered wall and solid bed in rotary drums[END_REF], [START_REF] Hobbs | Experimental validation of a particle-based method for heat transfer incorporating interstitial gas conduction in dense granular flow using a rotary drum[END_REF], and made essential for the process modeling. Accordingly, many attempts have been made to characterize the granular motion in the flighted rotary drum. According to [START_REF] Ajayi | Design loading of free flowing and cohesive solids in flighted rotary dryers[END_REF], one can distinguish the over, under, and design loading regimes for which several predictive models were able to be been evaluated [START_REF] Karali | Experimental analysis of a flighted rotary drum to assess the optimum loading[END_REF]. For any variety of configurations, it is admitted that we can decompose the granular medium in three unequal portions:

an airborne portion, -a bed portion, -a flights portion, where flights and bed portions behave as granular dense media while the airborne portion behaves as a dilute medium. However, these granular media act simultaneously, which provides a high level of complexity for their characterization compared to other granular systems [START_REF] Tang | Modelling of gas-solid-liquid flow and particle mixing in a rotary drum[END_REF] [START_REF] Barczi | Discrete Element Method Simulation and Experimental Validation of Pattern Development in a Rotating Drum Mixer[END_REF].

An accurate evaluation of the mentioned solid mass fractions is required to get a relevant analysis of the kinematics of the granular medium. It has been then possible to compare Discrete Element Method (DEM) and experimental results established in a lab-scale rotary drum [START_REF] Zhang | PTV measurement and DEM simulation of the particle motion in a flighted rotating drum[END_REF]. Such parameters are also of paramount importance in energyintegrated models [START_REF] Piton | A coupled thermal-granular model in flights rotary kiln: Industrial validation and process design[END_REF] or Eulerian models [START_REF] Nascimento | Eulerian study of flights discharge in a rotating drum[END_REF]. Indeed, the heat flux densities are a function of the surface of exchanges which can be computed solely from the knowledge of the solid mass fraction.

In that frame, the present paper is aimed to analyze numerically the kinematic of the granular medium into a rotary drum composed of several numbers of flights ranging from 1 to 25. In this work, dry granular material is composed of monodispersed particles transported in the axial direction of the rotary drum. A particular focus is devoted to the airborne portion for which the particle distribution is assessed from different methodologies. Herein, the granular flow regimes and the optimal particle distribution are assessed from DEM.

Numerical method

1. Discrete Element Method (DEM)

DEM is a Lagrangian method typically used for modeling a large number of particles' interaction and provides a good agreement with experimental results [START_REF] Zhang | Influence of the number of flights on the dilute phase ratio in flighted rotating drums by PTV measurements and DEM simulations[END_REF]) [START_REF] Havlica | Granular dynamics in a vertical bladed mixer: Secondary flow patterns[END_REF]. The translational motion of each particle is described by Newton's second law in the following equation

𝑚 𝑖 d 2 𝐫 𝑖 dτ 2 = ∑ 𝐅 𝑖𝑗 𝑁 𝑗≠𝑖 𝑗=1 + 𝐅 𝑖 ext (1)
and the rotational motion is expressed as

𝐼 𝑖 d𝛚 𝑖 dτ = ∑ 𝐌 𝑖𝑗 𝑁 𝑗=1 𝑗≠𝑖 (2)
where the subscript i stands for the value for the i th particle, the subscript ij stands for a pairwise collision between the i th and j th particle, mi is the particle mass, N is the number of particles, τ is the time, r is the position vector, 𝐅 𝑖𝑗 is the collision force, 𝐅 𝑖 ext is the external force, 𝐌 𝑖𝑗 is the torque acting on the particle, 𝛚 𝑖 is the rotational velocity, and 𝐼 𝑖 is the moment of inertia. Within second Newton's law, the fundamental forces acting on particles must be considered. Since the granular material is dry and the particles' diameter is larger than 100 µm, only gravitational and collision forces acting on particles are considered [START_REF] Havlica | The effect of primary and secondary flows on the homogenization process in a vertical bladed mixer[END_REF]. The calculation of the collision forces assumes that particles are compressed linearly during the collision, i.e., any deformation is sufficiently small to be reversible. This soft-sphere approach is expressed by a non-zero overlap

ζ 𝑖𝑗 𝑁 = 𝑅 𝑖 + 𝑅 𝑗 -‖𝐫 𝑖 -𝐫 𝑗 ‖ > 0 , (3) 
where 𝑅 𝑖 , 𝑅 𝑗 are radii of i th and j th particles and 𝐫 𝑖 , 𝐫 𝑗 their corresponding position vectors.

Mutual collision forces and torques between two particles are then defined as follows where 𝐅 𝑖𝑗 𝑇 is the tangential collision force, 𝐅 𝑖𝑗 𝑁 is the normal collision force, 𝑅 𝑖 is the radius of the i th particle, and 𝐧 𝑖𝑗 is the unit normal vector. The normal force consists of an elastic part, which is a fundamental Hertz's contact, and a dissipative part. Both parts are expressed as

𝐅 𝑖𝑗 𝑁 = 𝐾 𝑖𝑗 𝑁 ζ 𝑖𝑗 𝑁 𝐧 𝑖𝑗 -γ 𝑖𝑗 𝑁 Δ𝐯 𝑖𝑗 𝑁 , (5) 
where 𝐾 𝑖𝑗 𝑁 is the elastic constant for a normal contact, γ 𝑖𝑗 𝑁 is the damping coefficient and Δ𝐯 𝑖𝑗 𝑁 is the normal component of the relative velocity between two particles. The tangential force is expressed as

𝐅 𝑖𝑗 𝑇 = 𝐾 𝑖𝑗 𝑇 ‖∫ Δ𝐯 𝑖𝑗 𝑇 (𝜏)d𝜏 𝜏 𝑐 0 ‖𝐭 𝑖𝑗 -γ 𝑖𝑗 𝑇 Δ𝐯 𝑖𝑗 𝑇 , (6) 
where 𝐾 𝑖𝑗 𝑇 is the elastic constant for tangential contact, γ 𝑖𝑗 𝑇 is the stiffness coefficient, Δ𝐯 𝑖𝑗 𝑇 is the tangential component of relative velocity, 𝜏 𝑐 is the time of particle contact, and 𝐭 𝑖𝑗 is the unit tangential vector. The tangential force of a particle has no fundamental basis and essentially expresses the surface properties of the material. However, the magnitude of the tangential force is limited by fundamental Coulomb frictional limit

‖𝐅 𝑖𝑗 𝑇 ‖ ≥ μ‖𝐅 𝑖𝑗 𝑁 ‖ → ‖𝐅 𝑖𝑗 𝑇 ‖ = -𝜇‖𝐅 𝑖𝑗 𝑁 ‖𝐭 𝑖𝑗 , (7) 
where μ stands for the coefficient of friction. The equations for Hertzian coefficients used in these equations are listed in Table I.

The dynamics of granular material are governed by a system of second-order differential equations. For their solution, the velocity Verlet algorithm with linear damping is used.

Particles' position is computed by the equation

𝐫(τ + Δτ) = 𝐫(𝜏) + 𝐯(𝜏)Δ𝜏 + 𝐅(𝜏) 𝑚 Δ𝜏 2 , ( 8 
)
where 𝐫 is the position vector, Δ𝜏 is the timestep, 𝐅(𝜏) is the force at time 𝜏 and 𝑚 stand for mass. 

Geometrical and numerical set-up

The scheme of the studied rotary drum is shown in Fig. 1. The length and the diameter of the studied rotating drum were chosen according to (Silveira et al., 2022a). The geometry of the flight was based on previous research presented by [START_REF] Piton | A coupled thermal-granular model in flights rotary kiln: Industrial validation and process design[END_REF]. The overview of the kiln's geometrical parameters is given in Fig. 1.

Material and numerical parameters used in DEM simulations are set in Table II. These parameters were chosen according to the previous work of Silveira et al. (Silveira et al., 2022).

To study the particles' movement in the flighted rotary drum, the number of flights Nf was varying from 1 to 25 with the constant particles' loading H. The upper flights' number is geometrically limited by a steric constrict, i.e., minimum distance between two successive flights is required for particles passage between flights. In order to reduce the computational time, the length of the computational domain is Lpart = 5 cm. Continuous transport of particles in the longitudinal direction of the rotary drum is ensured by using periodic boundary conditions. All the simulations were performed for 20 revolutions to reach the steady state. 

Results and discussion

In this section, the dynamic behavior of granular particles is analyzed by using global characteristics. The first part describes the loading regimes, and the granular unloading is depicted in one flight. Particles' unloading is supported by the analysis of the kinetic energies.

Based on these results, different approaches to airborne portion detection are formulated in the second subsection.

3.1 Granular behavior in the cross-sectional area This section analyses the granular dynamic behavior and particles' unloading. In Fig. 2, transverse snapshots of the rotary drum for different numbers of flights are shown. As can be seen from the figure, the number of flights fundamentally affects the behavior of the system and the formation of the airborne phase. As aforementioned, the first snapshot (one flight)

shows particles at low-velocity magnitude close to zero located in the flight and the bottom of the drum. A vertical particle's flux is fallen by gravitational acceleration. Accordingly, the holdup (i.e. the volume ratio) can be computed for any portion by using the following relationship

𝐻 = 𝐻 b + 𝐻 fs + 𝐻 a = 𝑁 b 𝑁 + 𝑁 fs 𝑁 + 𝑁 a 𝑁 , ( 13 
)
where 𝐻 is the portion of particles, 𝑁 is the number of particles, subscript b denotes the particles in the bed, subscript fs in the flights, and subscript a in the airborne.

As the number of flights increases, particles are dropped and form curtains, as generally observed experimentally [START_REF] Leguen | Drying and heating modelling of granular flow: Application to the mix-asphalt processes[END_REF]. However, the shape of these curtains and the number of particles in the airborne portion depend on the number of flights. At the lower number of flights, the lowest coverage of the kiln's central part occurs. For a medium number of flights, a uniform release of particles from flights can be observed in the entire area of the rotary drum. For the highest number of flights, the granular unloading process is non-uniform and a zone without particles arises.

To interpret particles' behavior, the holdup and the holdup difference of particles within the flight are herein analyzed as a function of the angle, see Fig. The variation of one flight holdup, 𝐻 f , as a function of the angle for the studied numbers of cases from 1 to 25 flights is presented in Fig. 3a). From the figure, it is possible to distinguish the under-loading regime that is characterized by the decline of holdup in the first part of the rotating cycle for the highest number of flights. However, it is difficult to distinguish the overand design-loading regimes from these results. Indeed, for each of them, the granular unloading is progressively performed for 0°< 𝛿 ≲ 120°. Above 120°, the flights are completely emptied. 

∆𝐻 f = 𝐻 f (𝛿 + ∆𝛿) -𝐻 f (𝛿), ( 14 
)
where ∆𝛿 stands for the following angular difference of the drum rotation equal to 9°. Variable 

= 〈 1 𝑁 ∑ 1 2 𝑚𝑣 𝑠,𝑗 2 𝑁 𝑗=1 〉 1 2 𝑚𝑣 𝑝 2 = 〈 1 𝑁 ∑ 𝑣 𝑠,𝑗 2 𝑁 𝑗=1 〉 𝜋 30 𝜔 𝑝 2 𝐷 2 4 , 𝑠 = 𝑟, 𝜑, 𝑧, (15) 
where 𝑣 𝑠,𝑗 is the s th component of the velocity vector of the j th particle, 𝑁 is the number of particles in the drum, always reaches its highest value from all kinetic energy contributions regardless of the number of flights in the system. The radial kinetic energy 𝐸 𝑘,𝑟 * is the second most important contribution to the overall kinetic energy of particles, and it is about 30 % lower compared to the tangential one. The radial movement represents the motion of the particles in the transverse section governed by the free fall of particles. Assuming that the movement of the granular material is not affected by the surrounding gas, the axial movement of the particles arising mainly due to the rotary drum inclination in the longitudinal direction, and it is the least significant movement with the lowest kinetic energy, see Fig. 4c). From a qualitative point of view, it can be seen that kinetic energies increase in regime I (over-loading type regime), reach a maximum value in regime II (design-loading type regime), and with slightly decrease 𝐸 𝑘,𝜑 * and 𝐸 𝑘,𝑟 * contributions in regime III (under-loading type regime). In the case of the axial contribution to the total kinetic energy, the decrease in 𝐸 𝑘,𝑧 * in regime III is significant.

By comparing kinetic energies in Fig. 4 with visualizations in Fig. 2, a higher number of flights support the increase of kinetic energy transport in regime I. It is obvious from the visualization that a more significant number of particles are transported from the bed part in the case of more flights in this regime. However, according to one flight's holdup, these particles reach a flow rate that results in a steep unloading out of the flight, see Fig. 3 b). The proposed regime II is characterized by maximum energy transport into the system, and at the same time, particles are uniformly unloaded from the flights during drum rotation. The regime III is characterized by a decrease in the kinetic energy within the drum. In this case, in addition to the fact that the amount of particles in the bed is reduced to the minimum, the flights are already not entirely filled with particles, and the flight's holdup decrease, see Fig. 3 a). In this last regime, because flights contain small amounts of particles, the starting of granular material unloading is delayed, and the uniform distribution of the airborne phase decreases.

Since the kinetic energies decrease for the higher number of flights, an impaired mass transport in the system occurs. This phenomenon can have negative impacts on the longitudinal and transverse mass flow in the rotary drum.

2. Recognition of the airborne portion

The recognition of the airborne portion in the flighted rotary drum is of significant interest in numerous classes of unit operations, as stated in the introduction. The usual way performs image processing in order to outline the curtain of particles in the central region of the rotary drum (Silveira et al., 2022a) [START_REF] Zhang | Influence of the number of flights on the dilute phase ratio in flighted rotating drums by PTV measurements and DEM simulations[END_REF]. Such methods have been applied in many works, each having developed its own procedure of assessment. The main drawback of this type of method is that it is obeyed to no physical criteria, and does not consider an a priori definition of the airborne portion.

In the present section, three methods are introduced to recognize the airborne portion for comparison's sake:

-The first is based on geometry criteria, as already used for the determination of airborne phase in previous works (Silveira et al., 2022b) -The second is based on the identification of two granular flow regimes so, called "slow"

and "rapid" from a threshold velocity to be determined.

-The third one is related to the minimum separation distance between particles.

Figure 5 shows the determination of the airborne portion via geometry limit. Here, the airborne portion is identified with all particles within a critical distance from the drum's interior defined as the region outside the reach of the flights 𝑟 p ≤ 𝐷 2 -𝑙 1 -𝑙 2 sin 45°⁄ + 𝑎 ≈ 0.042 m, ( 16)

where 𝑎 = 0.001 m is the width of the flight. The advantage of this approach is its simple implementation. On the other hand, the geometric approach cannot distinguish between the airborne and the bed phase at the bottom of the rotary kiln, as evident from Fig. 5. Even if there is no bed portion for II and III regimes, see Fig. 5 b) and c), alone particles in flights area are not detected by this method. Therefore, the airborne portion must be determined by another approach especially in regime I. The second proposed criterion is based on the following physical phenomenon: particles located in the bed and flights move relatively slower than particles in the airborne portion.

The velocity magnitude shown in Fig. 2 supports such consideration for any number of flights.

However, a threshold velocity needs to be established in order to identify these two granular flow regimes: "slow" and "rapid". To determine the threshold value of the transition between these two regimes, it is possible to analyze a cumulative distribution function (CDF):

𝐶(‖𝐯 trv ‖) = 𝑃(‖𝐯 trv less ‖ ≤ ‖𝐯 trv ‖), ( 17 
)
where 𝐯 trv is the transverse velocity vector defined as

‖𝐯 trv ‖ = √𝑣 𝜑 2 + 𝑣 𝑟 2 , ( 18 
)
The right-side side of Eq. ( 17) represents the probability that the transverse velocity magnitude of a particle is lower than ‖𝐯 trv ‖.

The CDF defined by Eq. ( 17) is shown in Fig. 6. Here, the change between the two parts is based on the significant change in the behavior of the derivative of the CDF according to the magnitude of the transverse velocity. This threshold value is constant and independent of the number of flights, and, for our system, its value is equal to around 0.16 m. s -1 . Using this threshold value, it is, therefore, possible to identify particles in the airborne portion as all particles with the transverse velocity magnitude ‖𝐯 trv ‖ ≥ ‖𝐯 trv lim ‖ = 0.16 m. s -1 . ( 19)

From Fig. 2, it is evident that particles in the passive portion are in close contact, and have a lower velocity magnitude than the detected limit. The particles in the passive portion move with the magnitude of the kiln's velocity of order or slower, and it is less than the limit found by the CDF. As can be seen from Fig. 6, the method still detects the upper fast-moving layers of the bed portion as the airborne phase. In addition, some particles in the airborne phase are miss-identified as passive due to their temporally decreased velocity, for example, after a collision. These are a few individual particles that do not affect the final characterization of the airborne portion. The third proposed method is to define the airborne portion from a critical separation distance between grains. It can be assumed that the particles in the passive phase form a dense granular material with a much higher contact number than the particles located in the passive portion.

A convenient way to describe interparticle distances is via the Radial Distribution Function (RDF). The RDF computes the probability of finding a particle at a certain distance from the reference particle. It provides information on the average interparticle spacing, the coordination number, and the degree of disorder of the material. The RDF is the ratio of the density of particles υ(𝑟) at a distance r from a reference particle to the overall density of particles in the system, υ. Since the reference particle is arbitrary, such single-particle distributions are averaged over all particles in the system

𝑔(𝑟) = 〈υ(𝑟)〉 υ . ( 20 
)
The RDF is shown in Fig. 7 for different numbers of flights. We observe a significant peak at a distance of around one particle diameter. The position of the peak indicates the first layer of particles around the reference particles and refers to particles that are in direct contact with the reference. This case is typical of the passive portion of the granular system. The RDF then steeply decreases to a second smaller peak, around 2.1 mm. This is the probability of particles located in the second layer around the particle. As can be seen from Fig. 7, with an increasing number of flights, there is a decrease in the value of the first peak in the over-loading regime.

This is due to the decreasing amount of particles in the passive phase and the rising number of particles in the airborne phase with higher interparticle distance. The minimum magnitude of the first peak can be observed for the number of flights corresponding to the design-loading regime. In the under-loading regime, a slight increase in RDF can again be observed with an increasing number of flights due to the reduction of the airborne portion. Based on the RDF results, it is possible to estimate a threshold of the particle separation distance for the airborne portion detection. The position of the first peak 𝑟 = 1𝑑 p corresponds to the distance between the closest neighbors in the passive phase. The average separation of particles in the airborne phase should be larger. We, therefore, identify particle i as an airborne particle if it satisfies the following criterion

min‖𝐫 𝑖 -𝐫 𝑗 ‖ > 𝑅 𝑖 + 𝑅 𝑗 + 𝑙 skin . ( 19 
)
In other words, the minimum distance of an airborne particle from another particle is greater than the close contact distance, 𝑅 𝑖 + 𝑅 𝑗 = 𝑑 p , extended by a skin length, 𝑙 𝑠𝑘𝑖𝑛 . In Fig. 7, the identification of airborne particles is shown for a critical separation of 1.1 𝑑 p , corresponding to 𝑙 skin =0.1 𝑑 p . This critical separation distance is shown in the left panel by the red line.

Visualizing the particles in the airborne portion using the critical separation distance (right column) shows that the number of detected particles is slightly lower in regime I than by the velocity limit method because, unlike the velocity criterion, particles in the bed are detected more correctly. In regimes II and III, the estimation of the airborne phase by all methods is almost identical.

A comparison of all three approaches to airborne portion identification is presented in Fig. 8.

In the case of the critical separation distance, the identification of the airborne portion is dependent on the 𝑙 skin parameter. for the three selected different distances 𝑙 skin which give rise to some significant changes in the identification of the airborne particles when the value of 𝑙 skin varies. Based on the comparison with the other methods, the interparticle distance, 𝑙 skin = 0.1 𝑑 p , is suited in our studied case. However, the high sensitivity of the predicted airborne portion on the critical separation distance limits the practical usefulness of this criterion of recognition of the airborne portion. Therefore, further, its utilization will require deeper analysis.

Fig. 8 also shows that the airborne portion detected by geometric criterion is overestimated compared to the velocity and critical separation distance thresholds for the over-loading regime I. This inaccuracy is caused by a rough assumption that the central region of the rotary kiln is fully covered by the airborne portion. This simple assumption misleadingly includes particles in the bed. Therefore, the number of particles detected in the airborne portion is several times higher in the case of the geometric criterion compared to the detection of particles by the velocity and separation distance criteria. Moreover, a difference between the airborne portion detected by velocity and separation distance occurs in regime I. Indeed, the velocity-based detection method identifies the upper, fast-moving particles in the bed portion as the airborne phase. As a result, this method overestimates the airborne portion as well,

although not as much as the geometrical method. In the design-loading regime II and in the under-loading regime III, the recognition of the airborne portion by all three methods are in good agreement. 

Conclusions

The analysis of the granular behavior of a rotary drum composed of different numbers of flights, from 1 to 25, is herein numerically performed at constant load via DEM. Since the load was set to constant volume fraction, the over-, design-and under-loading regimes were able to be characterized according to the flight increment. One fundamental question that we are seeking in that paper is to better understand how is performed the granular load distribution in the cross-sectional area for any loading regimes. As noted in the literature, it has also been observed that flights influence this distribution and break down this granular load into three parts: i) bed, ii) flights and iii) airborne, the second and especially the third portion is intended to be explored herein in detail.

The characterization of the loading regimes depends on the granular unloading kinematics into the flight. The design regime was tracked here in a thin range of the number of flights (between 16 and 17 flights). It was found out that the design-loading regime is characterized by relatively constant unloading of particles out of the flight, which promotes the occurrence of a homogenous airborne portion. Moreover, the kinetic energy of loaded particles in transverse and longitudinal directions reached its highest peak for the design-loading regime. At this point, the most kinetic energy from the rotary drum is transported in the load.

The recognition of the airborne portion has been extensively studied by proposing two methods, the velocity magnitude, and the minimum separation distance, to compare to a standard geometry approach. This latter is based on the selection of boundaries of the airborne area according to visual characteristics. The velocity magnitude was able to distinguish the slow and fast-moving particles. The minimal separation distance criteria were able to distinguish the minimal nearest neighbors' distance in the most immediate neighborhood of the particle and based on this information, determine the dense and dilute phases of the granular material. Since different quantification approaches were able to be computed, the work has allowed us to make an estimation of their range of validity. The geometric approach appears to be unreliable, especially in an over-loaded regime while it is quite reliable for the two others. Moreover, the airborne portion estimation from velocity magnitude and minimum separation distance thresholds seems to be more accurate for any loading regimes.

To conclude, the recognition of the three granular portions composed of dense and dilute regimes appears quite tricky if we are seeking to characterize them from one physical criterion. Some drawbacks have been shown in any method; some captured airborne particles should be normally considered in one of the two dense regimes, bed and flights respectively, or few captured particles in the dense regimes should be considered in the airborne portion.

Anyway, since the velocity threshold is based on the principle that the velocity magnitude of the airborne portion is governed by the gravitational acceleration; such method is well adapted for engineering design. On the other hand, the minimum separation distance threshold supported by the spatial analysis is based on the idea of empty vicinity around the airborne portion. Even if this approach is based on a priori knowledge, and is not supported 
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 1 Figure 1: Geometry scheme of the rotary drum: a) side view; b) front view; and c) detail of a flight.

Figure 2 :

 2 Figure 2: Visualization of particles colored by the magnitude of the velocity in the 20 th revolution of the rotary kiln for 1, 7, 11, and 15 flights in the first row and 19, 21, 23, and 25 flights in the second row.

  3. The angle 𝛿 = 0° is defined according to the position of the first flight as shown in Fig. 1. Since the volume ratio of particles inside the drum is constant, three regimes of granular unloading of flight should occur as the number of flights increases. A regime of over-loading corresponds to a few numbers of flights exhibiting the starting of the granular unloading before reaching an angle equal to zero or 𝛿 < 0°. The design-loading regime corresponds to the starting of the granular unloading at the angle, 𝛿 = 0°. The under-loading regime corresponds to the starting of the granular unloading at the angle, 𝛿 > 0°.

Figure 3

 3 Figure 3: a) The holdup 𝐻 f of particles within the flight depending on its angular position for different numbers of flights. b) The holdup difference of particles in the flight depends on its angular position. zone I: over-loading regime; zone II : design-loading regime; zone III : under-loading regime.

  ∆𝐻 f corresponds with the physical amount of particles dropped from the flight during displacement of the rotating drum by angle ∆𝛿. Obtained results are presented in Fig. 3 b). Based on Fig. 3, one can get the boundaries of each granular unloading regime and we defined them as -the over-loading regime (I) is reached between 1 and 15 flights; -the design-loading regime (II) is reached between 16 and 17 flights; -the under-loading regime (III) is reached between 18 and 25 flights. In the over-loading regime, particles are steeply discharging out of the flight for an inclination lower than 18°. For inclination between 27° to 63°, the particles are dropped out of the flight at a nearly constant rate. The rest of the flight's load is intensively discharged for an inclination above 72°. This increase in particles unloading is due to particles retention by the l3 segment of the flight's geometry. The flight is completely emptied for an inclination around 120°. The under-loading regime is characterized by a decrease in a holdup in each flight at a zero angle in comparison with other regimes. This decrease in holdup is caused by the redistribution of particles in favor of supplementary flights. Consequently, particles in the flight are unloaded with a delay which increases with the number of flights. The design-loading regime is characterized by almost constant unloading of particles during the inclination of the flight from 18° to 108° compared to over-and under-loading regimes. It can be assumed that this range may have a positive effect on the occurrence of the airborne portion. Holdup analysis showed a very valuable insight into particles' unloading out of the flight.Particles' distribution within a flighted rotary kiln requires a description of the kinetic behavior of the solid load finely in order to understand the change in regimes of particles' flowing deeply. Considering the cylindrical geometry, the obtained data were transformed from the Cartesian coordinate system (x,y,z) into a Cylindrical one (r,φ,z). To analyze the kinematics of the particles in the system, the individual square components of the average particles' kinetic energies in cylindrical coordinates are assessed. In order to evaluate the kinematic behavior of the system independently on the rotational velocity of the rotary drum, results are plotted in dimensionless values in such a way that 𝐸 𝑘,𝑠 *

  𝑝 2 𝐷 2 /120) is the kinetic energy of a single particle located on the wall of the rotary drum moving with the rotational velocity 𝜔 𝑝 = 21.3 rpm. Here brackets stand for the average value over the last 5 revolutions of the kiln.

Figure 4 :

 4 Figure 4: Dimensionless contributions of kinetic energies in cylindrical coordinates depending on the number of flights: a) axial, b) tangential, and c) radial contribution. The resulting values of dimensionless kinetic energies representing the kinematic behavior of the system are shown in Fig. 4. It can be seen that an increasing number of flights promotes the transport of energy into the system up to a certain critical number of flights. As shown in Fig. 4, the tangential motion dominates in the rotary kiln, and the tangential contribution of kinetic energy 𝐸 𝑘,𝜑 *

Figure 5 :

 5 Figure 5: The visualization of the airborne portion via geometry method a) 5, b) 14, and c) 23 flights in the 20th revolution. Red particles form the airborne portion. Blue particles are the passive portion.

Figure 6 :

 6 Figure 6: The visualization of the airborne portion (red) and passive portion (blue) by using the method of velocity magnitude threshold for a) 5, b) 14, and c) 23 flights in the 20th revolution. Left column: the dependence of the CDF on the magnitude of transversal velocity. Right column: snapshots of the rotary drum with colored particles according to the phases.

Figure 7 :

 7 Figure 7: The visualization of the airborne portion (red) and the passive portion (blue) by using the critical separation distance of 1.1𝑑 p for a) 5, b) 14, and c) 23 flights in the 20th revolution. Left column: the dependence of the RDF on the distance r. Right column: snapshots of the rotary drum with colored particles according to the phases.

  Fig 8 presents the variability of the airborne portion results

Figure 8 :

 8 Figure 8: The holdup of airborne portion depending on the number of flights detected by three methods: (GM) the geometry method, (VM) the velocity method, and (DM) the minimum separation distance method for three different 𝑙 skin .The airborne portion holdup 𝐻 𝑎 depending on the angular position of the kiln is plotted in Fig.9for all three methods and the whole range of flight numbers. For the over-loading regime I, the airborne particles are nonuniformly distributed, especially for less than 5 flights. The granular materials develop an airborne portion in a limited angular position, while large "dead" zones arise with almost no particles identified in the central region of the drum.

Figure 9 :

 9 Figure 9: Holdup of the airborne particles during their granular unloading for the overall studied flight numbers: a) the geometry method, b) the velocity method, and c) the minimum separation distance method.

  by a fundamental basis at this time, it opens research questions (such as how to define this airborne portion rigorously) and engineering studies (such as varying the loading rate, the number of flights and the size of the drum)

  

  

Table II :

 II Material and numerical simulation parameters

		Parameters		
	μpw	Coefficient of friction (particle-wall)	[-]	0.4
	μr	Coefficient of rolling friction	[-]	0.04
	ν	Poisson's ratio	[-]	0.3
	ρ	Density of the material	[kg m -3 ] 2445
	Δτ	Timestep	[s]	2.10 -5
	ω	Drum rotational speed	[rpm]	21.3
		Parameters		
	Symbol	Quantity	Unit	Value
	dp	Particle's diameter	[mm]	1.09
	epp	Coefficient of restitution (particle-particle)	[-]	0.8
	epw	Coefficient of restitution (particle-wall)	[-]	0.9
	Fr	Froude number	[-]	0.0274
	Lpart	Rotary drum simulation length	[m]	0.05
	N	Number of particles	[-]	63,837
	Nf	Number of flights	[-]	1-25
	Nrev	Number of revolutions	[-]	20
	V	Filling volume ratio	[%]	15
	Y	Young's modulus	[Pa]	5.10 6
	α	Rotary drum inclination	[deg]	5
	μpp	Coefficient of friction (particle-particle)	[-]	0.7
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