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Introduction

Powder mixing is an operation that concerns many industrial fields. It is an important step since it allows combining the properties of different powders into a single product that has to meet specifications and standards based on the homogeneity of the mixtures. The flow of a powder depends on the physical properties of its particles, like size and shape (see [START_REF] Aoki | Effect of particle shape on the flow and packing properties of non-cohesive granular materials[END_REF]Suzuki, 1971 or Fu et al., 2012). The environmental factors, such as ambient hygrometry and temperature, can change drastically powder behavior and lead to strong industrial issues as stated by the recent papers of [START_REF] Chirone | Bulck flow properties of sieved samples of ceramic powder at ambient and high temperature[END_REF][START_REF] Lumay | Effect of relative air humidity on the flowability of lactose powders[END_REF]. Two kinds of powders are distinguished: free-flowing powders and cohesive powders. Free-flowing powders can be considered as powders for which grains can move independently from each other. On the contrary, cohesive powders are made of particles that interact through attractive forces, such as capillary forces induced by the presence of Fig. 1 -Classic powder mixing kinetic curve showing the associated predominant mechanisms [START_REF] Rose | A suggested equation relating to the mixing of powders and its application to the study of the performance of certain types of machines[END_REF].

Mixture characterization consists in analyzing the dispersion of a key component in the whole powder bed or at the outlet of the mixer, at the scale of scrutiny which is defined by the final use of the product [START_REF] Cuq | Food powder mixing[END_REF]. In most cases, the proportion of the key component is measured from different samples withdrawn from a batch and used to derive the standard deviation of the distribution of the compositions, and in turn the Relative Standard Deviation (RSD). The RSD is most of the time employed to accept or reject a mixture in the industry. Sometimes, mixing indices are derived to compare these values to extreme cases (Ashton and Valentin, 1966;[START_REF] Lacey | The mixing of solid particles[END_REF][START_REF] Smith | Mixing chemicals with soil[END_REF]. Three main transport mechanisms are identified during powder mixing operations: convection, diffusion and shearing [START_REF] Lacey | [END_REF].

Convection can be described as the movement of adjacent groups of particles. Diffusion is a movement of the powder at a scale closer to that of the particle's size. Shearing is characterized by the slipping of planes within the mixture. Shear zones can be observed between the clumps formed by mixing through convection, so that shear cannot occur alone [START_REF] Bridgwater | Fundamental powder mixing mechanisms[END_REF]. A classical mixing kinetic is characterized by a monotonous decrease of the standard deviation with mixing time (Fig. 1). A sharp decrease at the beginning is attributed to the predominance of the convection mechanism, through the motion of blocks of particles, at the scale of the blades for example. When the scale of heterogeneous zones in the mixture is below that of the blocks of particles, convection is no longer efficient in the decrease of the standard deviation. As a result, diffusion becomes the predominant mechanism and will be responsible for the subsequent decrease of the curve and an intimate mixture. When the mixing time is long enough, the standard deviation reaches a minimum value and sometime oscillates around it. These oscillations can indicate a competition between mixing by diffusion and segregation by percolation, which is due to differences in size, shape or density of the particles. At the industrial scale, the operation should be stopped at the minimum of this curve.

As stated above, mixing mechanisms are responsible for particle-or particulate ensembles-mobility. Their identification is key in the understanding of flow in the mixer or at the vicinity of mixing media (blades, screw, ribbon, etc.), towards more general goals such as process optimization. It is therefore not a surprise to see that many studies have focused on flow understanding through the use of tracers and the development of tracking techniques in mixing operations over the past 20 years or so. According to Kaye [START_REF] Kaye | Powder Mixing in Technology and Engineering[END_REF], "a tracer is an ingredient that is meant to trace out movements within a powder mixing system. . . One uses tracers to find out directions and pathways within a powder mixer". In the case of powder mixing, however, a distinction must be made according to the case studied:

-A is a single powder that is representative of a flow category, i.e. cohesive, free-flowing, etc. The objective is to apprehend the general flow pattern inside the mixer for powders of the same type [START_REF] Aoun-Habbache | An experimental method and a Markov chain model to describe axial and radial mixing in a hoop mixer[END_REF][START_REF] Marikh | Flow analysis and markov chain modelling to quantify the agitation effect in a continuous powder mixer[END_REF][START_REF] Barling | Pharmaceutical dry powder blending and scale-up: maintaining equivalent mixing conditions using a coloured tracer powder[END_REF]. In this case, a particulate product A' is chosen for its flow properties that are assumed-or demonstrated to be-identical to those of A, and is employed as a tracer of A. Particles of A' can be placed in specific locations in the mixer's volume, their concentrations in any locations (or cells) of the whole volume being detected with time. This also allows to calculate the RSD of A' with respect to A, and further determine "mixing" kinetics. The term "mixing" is employed despite the fact that it does not really fit with the situation, which refers more to "stirring".

-A and B are two powders of different nature, corresponding to either a model case or a specific industrial case. If A' is a tracer of A, it can be employed as above and the results may allow to figure out whether the presence of B changes A's flow or not. In any case, the RSD can be calculated and the mixing kinetics can be described. Of course, the same procedure should be undertaken for B. While this would be the correct way of addressing a two-fluids (or particles) flow tracing protocol, to our knowledge no study has ever reported it, always considering the next case held true.

-B is a key component in the mixture and is considered as a tracer of the bulk. While this is obviously a strong hypothesis, it has been extensively employed over the years as it allows the derivation of the mixing kinetics in a much easier way. It is also supported by the development of single-particle tracking techniques as applied to mixing [START_REF] Larachi | 3-D mapping of solids flow fields in multiphase reactors with RPT[END_REF][START_REF] Hiseman | Granular flow in a planetary mixer[END_REF][START_REF] Bridgwater | Powder mixers: what is going on inside? Budapest In: 4[END_REF] to detect the tracer's presence in the whole mixer's volume in real time.

In the present work, we aim to understand powder flow inside a prototype convective blender that can be representative of the whole spectra of convective blenders. The situation of this study is therefore corresponding to the first of the 3 cases developed in the above paragraph. Thanks to tracer experiments performed for either free-flowing or cohesive systems, we will focus on powder flow at the vicinity the blades and study the impact of the impeller's rotational speed that is expected to play an important role in the flow dynamics.

Materials and methods

Powders used

Two powders are used in this study: a free-flowing one (semolina) and a cohesive one (fine lactose). Both are of polygonal morphology, as shown by SEM pictures in Fig. 2. Table 1 gathers the main properties of these two powders, d 50 being the median diameter measured by LASER diffraction (Mas-tersizer3000, Malvern) under an air pressure of 3.5 bar. The particle density p has been measured thanks to an Accumulator Pyc 1330 (Micromeritics) with the 10 cm 3 cell. The bulk and tapped densities, b and t , have been measured with a tap and bulk density measuring device (Erweka SVM 22) with 110 g of powder, the tapped density being measured after 1000 taps. The important Carr Index (CI) of the fine lactose, greater than 22%, means that this powder is effectively cohesive. The Carr Index of semolina, smaller than 15%, suggests to classify this powder as free-flowing [START_REF] Leturia | Characterization of flow properties of cohesive powders: a comparative study of traditional and new testing methods[END_REF].

Prototypal convective blender

The blending prototype considered is a multipurpose and transparent convective mixer, in which operating parameters such as blade number, blade angle, wall position, blending volume or vessel angle can be varied. The configuration chosen here consists in four straight blades for a vessel positioned horizontally (Fig. 3). The distance between lateral walls is 13 cm, one of the walls being close to the blades with a 0.5 cm gap. Agitation speeds can reach 191 rpm. The blender volume is artificially divided into six zones or cells. These zones are of identical volumes and are represented schematically in Fig. 4. Five of these six zones will be filled with the powder whose flow is studied (either semolina or lactose), the last zone being initially occupied by a tracer.

For each experiment, the mass of powder placed in the blender is about 3232 g for semolina and 2357 g for fine lactose (including the tracer), corresponding to a volume bulk filling ratio f of 0.83. This filling ratio is calculated using bulk density b, the mass of powder poured m p and the volume of the mixer The powder inside each cell can be sampled layer by layer with a system of aspiration. If some powder is present over the top of the zones 1 or 4, it will be sampled and considered as belonging to these.
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Tracer experiments

Experimental procedure

A typical experiment of powder stirring consists in filling the blender with a powder and its corresponding tracer, agitating the powder bed at a given rotational speed ω for a duration t, and then sampling the whole powder bed according to the six cells defined previously. For each of the two powders studied, two agitation speeds and several stirring times are chosen (Table 2).

For each experiment, three different initial positions of the tracer are studied: close to the free-surface (zone 1), far from blades and surface (zone 3), in the blade's direct action zone (zone 4).

The mean powder weights contained into each cell, for each experiment of stirring made in this work, are represented in Table 3. The fluctuating values of the mass are mainly due to the different state of compaction of the powder, depending on its position in the vessel. The angle of repose of the powder near the blades and near the walls has an impact on the mass sampled too. For semolina, the mass does not vary a lot from zone to zone, nevertheless it can be seen that the mean values are greater for zones 1 and 4 that are closer from the free-surface. Concerning lactose, the cells 1 and 4 contain also more powder, as well as zone 3 for which powders may be compacted at the bottom of the blender.

Determination of tracer composition in cells

Two tracers of different nature have been chosen separately for semolina and lactose, the main criteria being the size of the particles to limit segregation. Because of the different choices of tracer, the experimental protocol to determine the mass proportion in tracer inside the six zones of the mixer will be different.

Semolina tracer. The tracer that has been considered

for semolina is made of semolina itself, colored by an iodine solution that has been previously prepared by dilution of solid iodine in a 96% ethanol-water solution. After impregnation of semolina, the black-colored semolina is stirred with a spatula and dried with hot air, in order to avoid agglomeration of grains.

Image analysis seems to be a good technique to analyze a tracer in a powder blend, as already shown in literature [START_REF] Daumann | Determination of the mixing time in a discontinuous powder mixer by using image analysis[END_REF]. In the present work, an image analysis technique has been set up to quantify the proportion of colored semolina. It has been calibrated for 20 g of mixture. The sample is poured in a 19 cm circular dish, and 8 pictures are taken randomly with a Keyence ® optical microscope equipped with a x50 lens. The size of each picture is about 7 × 5 mm. The mean proportion of the surface occupied by colored semolina is evaluated with a Matlab ® program for the 8 pictures (see Fig. 5a). The mass proportion of the sample in colored semolina can be calculated (Fig. 5b) thanks to a main second order polynomial function for proportions between 10% and 90%, and to two linear correlations for proportions smaller than 10% and greater than 90%. The calibration points have been measured twice, with different batches of colored semolina to make sure that the tracing technique and the microscope counting are reproducible. The average values are used for the calibration. This allows an accurate calculation of the proportion of tracer in 20 g of sample, but cannot be done for a single cell of the mixer that contains 20-30 times this quantity. For this, each sampled zone is previously homogenized with a Turbula ® T2F mixer for 3 min at an agitation speed of 46 rpm. The powder is then poured on a plate, and one 20 g sample of semolina (and its tracer) is randomly taken out. The homogenization of the zone is sufficient, so that the 20 g can be assumed to be representative of the whole composition of the zone, with a precision of about 1%.

Fine lactose experiments.

Talc has been employed as tracer for fine lactose. Measurements with the FT4 Freeman rheometer show that it has a Flow Rate Index about 2.1, which is similar to that of lactose. The analysis of the tracer content of a fine lactose-talc mixture is carried out by thermal degradation of lactose. Samples of weights around 2 g are heated up to 650 • C for 1 h in ceramics crucibles in order to sublimate the lactose. Talc mass lost is only about 1%. The precision of the scale (Balco ® ), of the order of the milligram, allows to deter- mine the mass proportion in talc x t with a precision smaller than 1%, knowing the powder masses before and after heating, m 0 and m f respectively (Eq. ( 2)).

x t = 101 m f m 0 (2)
As for semolina experiments, the analysis of tracer content in an entire zone is not possible, since the maximum mass that could be analyzed is about 2 g. Again, the homogenization of sampled zones is made with the Turbula ® T2F mixer for 5 min with an agitation speed of 96 rpm. Then the powder is poured in a plate and 12 samples of about 2 g are randomly taken before being laid into a crucible. The compositions of all of these samples are analyzed by the thermal degradation procedure previously described and the mean value of these 12 compositions will represent the global composition in tracer of the zone, with a good precision. This has been verified with two Turbula ® homogenizations of 393 g of powder (the mass of fine lactose and tracer poured in the mixer, divided by six), with a known tracer content of 16.7% and 5.0%. The respective compositions measured by the described technique were 16.7% and 4.8%. Fig. 6 shows a SEM photograph of the lactose-talc mixture.

Tracer homogenization kinetics

Knowing the mass of powder in a given zone and the mass proportion of tracer in this zone as given by the analytical techniques described above, it is possible to calculate the corresponding mass of tracer. The tracer mass fraction in zone i, will be denoted X i , the sum of these fractions being equal to 1 at any time.

The Relative Standard Deviation (RSD) is the index chosen here to quantify the homogeneity of the tracer-powder mixture, for a given time and rotational speed. The RSD can be calculated from the standard deviation of the tracer mass proportion in each zone and the tracer mean composition in the mixer, which is equal to 0.167 since only one zone is filled initially with it (Eq. ( 3)). The more the tracer concentrations are close to each other, the more the RSD approaches zero. RSD = 0.167

(3)

Experimental results

In this section, we present the different stirring kinetics that have been obtained, according to the rotational speed of the blades (57 rpm or 143 rpm) and the nature of the powder (freeflowing or cohesive). In each experiment, the tracer is placed initially in one zone: zone 4, 1 or 3. These three zones, chosen for their locations with respect to the blades and the freesurface, will help in the identification of the mechanisms at play. Pictures taken during the experiments with semolina will support this, something which is not possible for the cohesive powder since fine lactose and its tracer share a similar color. It is worth noting that no variability study has been undertaken here, so some results may be taken precautiously.

Low-speed stirring of free-flowing powders

The focus is made here on experiments performed with semolina, the rotational speed of the blades being 57 rpm. Under these operating conditions, the flow regime that takes place is rolling, which is characterized by a movement of avalanching of the powder carried by the blades, since gravity is greater than centrifugal force.

Tracer initially in zone 4

When the initial position of the tracer is in zone 4, a fast dissipation of the tracer to the other zones of the blender can be observed (Fig. 7). After four seconds of agitation, the mass proportion of tracer is almost divided by three, while the contents in tracer for zones 5 and 6 are increasing. After 60 s of stirring, the tracer contents in zones 4, 5 and 6 do not change anymore and are close to each other. This is typical of a convection mechanism where the blades, which are directly in contact with zone 4, move important amounts of powder. This convection seems to take place mainly in zones 4, 5 and 6 for which the blades are passing through. The tracer content in zone 1 increases slowly as compared to these zones, to reach a constant value after 60 s of stirring. The tracer has more difficulties to reach zone 2 and even more to reach zone 3. The increase of tracer content in these zones that are not directly Fig. 7 -Evolution of the composition of each zone in the mixer for semolina, with a blade speed of 57 rpm and tracer initially placed in zone 4. in contact with the blades suggests that other mechanisms, conveying smaller amounts of powder, may coexist. Convection has also been evidenced with a video camera recording (Fig. 8). It is clear that after each blade pass, an important proportion of the powder is exchanged between zones 4, 5 and 6 which includes the volume occupied by the blades.

The RSD decreases monotonously with mixing time (Fig. 9), up to 60 s, afterwards if decreases slowly to remains at a value close to 0.33. This final RSD is far from zero, a value that would have corresponded to a homogenous dispersion of the tracer in the blender at the scale of the cells. This may be attributed to the small quantities of powder that are exchanged between directly agitated zones and zones that are out of reach for the blades. The fast decrease of RSD during the first minute of agitation shows the predominance of the convection mechanism that homogenizes the tracer over zones 4, 5 and 6.

Tracer initially in zone 1

When the tracer is initially placed in zone 1, its concentration stabilizes in each zone after 60 s of stirring (Fig. 10). The tracer concentrations in zones 4, 5 and 6 are evolving the same way: if the tracer is present in one of these zones, it is quickly homogenized with the two others, due to the convection mechanism identified above. The tracer concentration in zone 1 decreases sharply, but not as fast as for the previous situation. In this case, this is not convection that moves powder from the zone 1 to others, but avalanches. This can be seen on Fig. 11 and explains the fast transfer of particles from zone 1 to other zones, despite the blades are not passing through this zone. Part of the powder bed is conveyed higher than zone 4 in the back of the blender and partly falls in zone 1, while part of the powder in zone 1 goes back on the front of the zone 4. This mechanism is slower than convection and allows the tracer present initially in zone 1 to interact with the agitated zones.

All of this is transcribed by the RSD's sharp decrease until the reach of a value comprised between 0.4 and 0.5 (Fig. 12). The avalanching mechanism creates an important flow of tracer towards zones 4, 5 and 6, so that the RSD decreases in a similar way as when the tracer is placed initially in zone 4. However the final mixing quality is slightly worse (RSD close to 0.44), since a part of the tracer present in zone 1 cannot communicate with the other zones.

Tracer initially in zone 3

The dissipation of the tracer when initially placed in zone 3 is presented in Fig. 13, and may help to gain more insight into the slower mass transport mechanisms acting in this zone. A significant decrease of concentration in zone 3 is measured during the first ten seconds, after which the mixing of the tracer become much slower. It reaches a value close to 0.5 after 5 min of stirring. A more important quantity of powder remains in zone 3, as compared to the situations reported in the two previous sections. The concentrations in zones 1, 4, 5 and 6 increase and are all smaller than 0.1. A certain quantity of tracer seems to transit from zone 3 to zone 2, since after 60 s of stirring the decrease of concentration in zone 3 is followed by an increase of concentration in zone 2. This suggests the presence of a mass transport mechanism which is slower than convection and avalanching, between zones far from the free-surface and in which blades do not pass through.

The decrease of tracer proportion in zone 3, at the beginning of agitation, is mainly due to the fact that a part of zone 3 is dragged by shearing to the zones where blades are passing. Since this shearing mechanism is relatively slow and may be viewed at a scale close to that of the particles, it will be considered as a horizontal diffusion mechanism in this work. Indeed, the powder repartition inside zone 3 is far from being homogenous, a part of it being occupied by the tracer only (Fig. 14).

As in previous experiments, the RSD decreases sharply at the beginning of the operation, and more slowly after 10 s (Fig. 15). This slow decrease of the RSD attests the presence of the diffusion mechanism in the powder bed. The increase of tracer concentration in zone 2, and the decrease in zone 3 during the same time suggests that a vertical diffusion mechanism may take place at least between these two zones.

Low-speed stirring of cohesive powders

This part focuses on the stirring experiments performed with lactose and its tracer at a rotational speed of 57 rpm, which corresponds to the rolling flow regime. Similar experiments as for semolina are performed. However, since three stirring times are investigated, the kinetic data is less accurate. The RSD obtained will be directly compared to that of semolina experiments presented in the last part, in order to evaluate the main differences between free-flowing and cohesive powders. 

Tracer initially in zone 4

With an initial placement of tracer in zone 4, its proportions in cells 1, 4, 5 and 6 is stationary after just 4 s (Fig. 16). This indicates that the mechanism of convection described for semolina is also predominant for fine lactose. The mass fraction of tracer in zone 1 at a stirring time of 5 min is close to that in zones in direct contact with the blades. The tracer clearly cannot access zones 2 and 3, meaning that negligible exchange of powder takes place between these zones and the others. As the Carr Index may suggest, the compressibility of this powder is significant (see Table 1), and may have led to the formation of blocks of packed powder in these zones.

The RSD has been calculated in the same way as for semolina mixtures and is represented in Fig. 9. The evolution of the RSD is similar between the two particulate materials, with a sharp decrease of the RSD during the first seconds, char-acteristic of the convection mechanism, followed by a slow decrease, typical of the diffusion mechanism. However, for the cohesive powder, the RSD is greater whatever the stirring time. This may be attributed to the unmixed powder that remains in zones 2 and 3, for which the zero content in tracer gives rise to high RSD's.

Tracer initially in zone 1

When the tracer is initially placed in zone 1 (Fig. 17), an important decrease at the beginning of stirring takes place, attesting that a fast exchange of powder occurs between zone 1 and its neighboring zones, but after 5 min of stirring the proportion in tracer remains at 0.51, whereas it decreased to a value of 0.27 for semolina in the same conditions. A fraction of the tracer in zone 1 is not in contact with blades and remains in this zone because of the cohesion forces that hold the particles together and limit the avalanching flow mechanism. As a result, the avalanching mechanism described for semolina is less important for fine lactose.

The RSD measured in these operating conditions decreases quickly during the first seconds of stirring and then reaches a steady state for stirring times greater than 10 s (Fig. 12). Considering the RSD as a parameter to quantify mixing, the cohesive powders are clearly more difficult to blend than freeflowing powders when the tracer is placed initially in zone 1. It is also worth noting that stirring times longer than 60 s do not improve homogeneity, and that this homogeneity is worse compared to that obtained when the tracer is initially placed in zone 4.

Tracer initially in zone 3

If the tracer is initially placed in zone 3, a large amount of tracer, which is more important than for semolina, remains in this zone and is not put into contact with the neighboring zones (Fig. 18). After 5 min of mixing, the tracer proportion in zone 3 is 0.87 whereas for semolina this value was about 0.45. In all others zones a very small, steady and identical content in tracer is measured. The diffusion mechanism that was still efficient for semolina to displace tracer particles of this "isolated" zone, is no longer able to disrupt the compacted lactose powder at the scale of individual particles.

The RSD of fine lactose decreases sharply during the first seconds of agitation to reach a steady state around a value of 2 (see Fig. 15). As for free-flowing powders, a shearing may take place in a limited part of zone 3, close to the blades, the other part being almost a dead zone.

More globally, it has been shown that, whatever the case, the powder is never perfectly stirred since the steady-RSD is far from zero. The minimum is reached with a RSD value of 0.33 for the free-flowing material, when the tracer is initially placed in the blade zone (cell 4). It is clear with the RSD calculations that the cohesive powder is stirred with more difficulties, the worst case being that of a tracer placed at the bottom of the vessel, out of the blade zone (cell 3). This zone can be assimilated as a stagnant zone for which an important proportion of the powder will never transit to the other zones of the vessel. 

High-speed stirring of free-flowing powders

For rotational speeds greater than 86 rpm, the flow regime is cataracting. Cataracting is characterized by a movement of projection of the powder carried by the blades, since centrifugal force is greater than gravity. In the following, we report tracer distributions obtained after four seconds of mixing at a rotational speed of 143 rpm and compare it with the results presented in Section 3.2.

Tracer initially in zone 4

When the tracer is initially in zone 4, its distribution over the other zones is faster for 143 rpm than for 57 rpm (Fig. 19). With the smaller rotational speed, the tracer is distributed over the zones 4, 5 and 6, less in zone 1, while few quantities are present in zones 2 and 3. When the blade speed is greater, the tracer mass fractions in the blade zones 4, 5 and 6 decrease and the proportions in zones 1, 2 and 3 increase, meaning that the avalanching mechanism and the diffusion mechanism are still taking place, and to a greater extent. In a general viewpoint, the increase of the rotational speed promotes convection and leads to a better mixture for the same mixing time.

Tracer initially in zone 1

If the colored semolina is placed in zone 1, its quantity in this zone decreases by about a half when the rotational speed is 57 rpm. It is mainly distributed over zones 2, 4, 5, 6 and a bit less in zone 3 (Fig. 20). For the higher rotational speed, the tracer proportion decreases below 0.3, the rest of it being also distributed over zones 2, 4, 5 and 6. The proportion in zone 3 is almost the same as at a small agitation speed. It seems that the higher speed induces more convection in the vessel, which is more efficient than avalanches and shear, and contributes to a better distribution of the tracer over the cells.

Tracer initially in zone 3

If colored semolina is placed initially in zone 3, its proportion in this cell after 4 s is slightly smaller at high speed and is more distributed towards cell 5 (Fig. 21). These variations of concentrations between rolling and cataracting regime are not as significant as for previous experiments. This is due to the location of zone 3 that is far from blades and from surface, in other words, where powder flow occurs.

High-speed stirring of cohesive powders

As for free-flowing powders, the comparison between the rolling regime and the cataracting regime, respectively reached at 57 rpm and 143 rpm of blade agitation speed, will be presented in the following. Two stirring times, 4 s and 10 s, will also be considered.

Tracer initially in zone 4

For an initial placement of tracer in zone 4, after 4 s of mixing time with a blade speed of 57 rpm the tracer is not well distributed between zones 4, 5 and 6 (Fig. 22). A relatively important part is present in zone 6, as compared to the others. This may be a block of tracer, transported by convection that is not dispersed into zones 4 and 5. The distribution is more homogeneous in these states for the cataracting regime.

After 10 s of stirring, the tracer is almost equally distributed over the cells that are directly in contact with the blades (4, 5 and 6) whatever the flow regime or rotational speed. However, for the cataracting regime, the tracer quantity present in these strongly agitated zones is smaller, and more distributed towards other zones than for the rolling regime. This can be attributed to the powder projection that allows the tracer to reach these zones, a phenomena that is enhanced by a higher blade speed that improves the powder exchange by diffusion at the common border of zones 4-5-6 and 1-2-3. 

Tracer initially in zone 1

When the tracer is initially placed in zone 1, its transit to other zones is better achieved with the higher agitation speed, whatever the stirring time (Fig. 23). As in the previous section, the cataracting mechanism, which is enhanced by a higher speed, improves the distribution of the powder over the different zones of the blender. 

Tracer initially in zone 3

Fig. 24 shows that, whatever the stirring time, zone 3 demonstrates very few exchange of tracer with the other zones. However, with a blade rotational speed of 143 rpm, more tracer is distributed towards zones 4, 5 and 6, while the proportions in zones 1 and 2 remain close to each other. This is observable especially after 10 s of agitation. This means that the tracer passes from zone 3 to agitated zones by a horizontal mass transport mechanism, which is promoted by the cataracting flow.

A deeper analysis based on the number of revolution, rather than on both the rotational speed and the mixing time is beyond the purpose of the actual study. It will be envisaged in future work so as to begin a dimensionless analysis of the problem.

4.

Discussion based on a Markov chain frame

Some generalities on Markov chains

Markov chains have been developed and applied in the field of Chemical Engineering over the past 40 years [START_REF] Tamir | Applications of Markov Chains in Chemical Engineering[END_REF]. In the case of particulate processes, it served as a tool for modeling powder flow and transformation mechanisms [START_REF] Berthiaux | Applications of Markov chains in particulate process engineering-a review[END_REF]). In the present work, we will just consider this model as a frame to gather the experimental results presented above and derive some general thoughts based on the parameters that can be identified in the Markov chain.

As applied to powder stirring, a Markov chain model can describe the mass proportion of tracer X' i passing from one part of the blender (a state or a cell) to another part after one transition-or event-that lasts a fixed duration. In this study, a transition is represented by a single blade pass, i.e. a quarter round of the shaft. The number of transitions is linked to the mixing duration t and the blade angular speed ω (Eq. ( 4)).

n = 2.ω.t (4) 
The theoretical mass repartition of the tracer in the states described in the previous section after n transitions is represented by the state vector S n (Eq. ( 5)), where each coefficient X' i is the normalized mass of tracer present in cell i. The mass proportion of powder transiting from cell i to cell j is denoted p ij, and is a transition probability of the Markov chain. Transitions probabilities are gathered in the matrix P, which is made of p ij transition probabilities placed at the ith line and at the jth row.

Knowing S n and P, it is possible to calculate the state vector S n+1 , being the state vector after n + 1 transitions (Eq. ( 6)). The third part of Eq. ( 6) is a simplification that can be made when the Markov chain is linear and homogenous, i.e. each p ij does not depend on S n and on n.

S n = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ X ′ 1 X ′ 2 X ′ 3 X ′ 4 X ′ 5 X ′ 6 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠
(5) S n+1 = P.S n ≈ P n .S 0 [START_REF] Brone | Enhanced mixing in double-cone blenders[END_REF] In this type of model, it is therefore possible to predict the dynamic behavior of a system, knowing the initial configu- ration and the transition probabilities. These can be either derived directly form the experiments, without more physical basement [START_REF] Inoue | Particle motion in a mixer. Mixing in a two-dimensional V-type mixer[END_REF], or effectively based on a mechanistic approach in which transport coefficients can be identified [START_REF] Fan | Stochastic diffusion model of non-ideal mixing in a horizontal drum mixer[END_REF]. It is this last representation that will be followed in the present work.

Association of transition probabilities with mixing mechanisms

In terms of Markov chains, the cells that served to described the global particle flow are the state through which particles will transit, and the relative amounts of tracer passing from between cells 1 and 4, while diffusion is an exchange of powder between each neighboring cells. This mechanism is assumed to be negligible as compared to the convection and the avalanching mechanisms, and is therefore represented as a powder exchange between cells 1, 2, 3, 5 and 6 as shown in sidered. All these are unified in the transition matrix P (Eq. ( 7)):

P = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 1 -d v -a d v 0 a 0 0 d v 1 -2d v -d h d v 0 d h 0 0 d v 1 -d v -d h 0 0 d h a 0 0 1-a -c c 0 0 d h 0 c 1 -d h -2c c 0 0 d h 0 c 1 -d h -c ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (7)

Identification of transport parameters from tracer experiments

Transport parameters c, a, d v and d h have been evaluated from tracer experiments performed with the rotational speed of 57 rpm. The fitting procedure, a least squares method, is based on the minimization of a criterion (Eq. ( 8)), y representing the initial cell position of the tracer, k the number of transitions, X the experimental value of tracer mass proportion and X' the theoretical tracer mass proportion. For this, an optimization routine in a Matlab ® program has been set up. It scans the parameters' space several times, narrowing the intervals after each iteration.

= y=1,3,4 1146 k=1 (X ′ 1 -X 1 ) 2 + ... + (X ′ 6 -X 6 ) 2 (8)
An accuracy of the order of 10 -4 on parameters values has been obtained after three iterations. Calculation duration for one set of parameters is about 10 min with a processor Intel ® Core TM i5 of 2.4 GHz and a Random Access Memory DDR3 8 Go of 1.6 GHz.

Each parameter has been calculated for semolina and fine lactose using the previously described method (Table 4).

For both powders, convection is the main parameter, with a value close to 0.5, meaning that after each transitions, about a half of the powder in a cell goes to a given neighboring cell. This can be linked with observations of a block of tracer moving from one cell to another one in the zone agitated by blades, as in Fig. 7. This value is still slightly smaller than 0.5, since the two other mechanisms, avalanching and diffusion, are taking place. These two mechanisms allow the tracer to communicate between directly-agitated cells (4, 5 and 6) and cells for which blades are not passing through (1, 2 and 3).

The a parameter has, for both powders, a value that is comprised between the convection parameter and the diffusion parameter values. For simulations, a is a significant parameter for semolina since it is the only one allowing a mass transfer between agitated and non-agitated cells.

Diffusion is represented differently by the model, depending on the powder considered: for semolina, diffusion is only represented by its vertical component d v , whereas for fine lactose it is only represented by its horizontal component d h . The value of d h = 0 for semolina can be explained by the important value of c: the tracer present in cells 5 and 6 does not go to cells 2 and 3. Experimentally, a shear band can be observed between cells 1, 2, 3 and 4, 5, 6 (this can be slightly seen on Fig. 7): the model and the optimization reach its limit to provide a complete view of powder flows in the blender. The small value of d h = 0.0001 for fine lactose shows how cohesive the powder is: inter-particle attraction forces gather particles into nearlyclusters and impede their motion at a microscopic scale. This value of d h is of the order of magnitude of the optimization routine precision and must be interpreted with caution.

Convection and avalanching parameters are greater for semolina, as compared to fine lactose values. Concerning diffusion, the parameter d v for semolina is greater than the parameter d h for fine lactose. This quantifies the different flow behavior of a free-flowing (semolina) and a cohesive powder (fine lactose): the free-flowing system has indeed more ability to move between different parts of a convective blender.

In the graphs represented in Figs. 26 and 27, the model results can be compared with the experiments. Although it must be remembered that model parameters have been extracted from these particular data, the model gives an accurate description of the spatial evolution of the tracer in the mixer. This confers a certain value to the parameters calculated here, even if a much deeper analysis is needed before any further conclusion.

Concluding remarks

The tracer experiments performed in this work helped identifying the different agitation mechanisms that are appearing in a horizontal convective blender, according to the type of powder and the rotational speed of the stirring system that is the main process parameter. The initial placement of the tracer in specific zones of the vessel is essential in this procedure.

It has been demonstrated that the convection mechanism is predominant in zones in which blades are passing through, the avalanching mechanism takes place at the free-surface, and a slow diffusion mechanism may show up. This diffusion is a key mechanism to transport powder over zones that are not in contact with the free-surface or the blades.

In addition, the flow regime that is taking place shows a major influence on the homogenization kinetics. In particular, the cataracting regime looks more efficient to homogenize the bulk, whatever the particulate material studied.

Considering the maximum stirring time of 5 min investigated, a part of the zones that are not in direct contact with the blades can be considered as stagnant, especially the deepest zone of the vessel (zone 3). There is indeed a segregated zone that is the fact of the flow itself in the configuration studied, not that of differences in particle's characteristics. As expected and because of a lesser particle mobility and compaction of the powder in nearly stagnant zones, the cohesive material demonstrates a worse ability to homogenization than the free-flowing material.

Even with a distribution of the blades along the mixer's length, the horizontal configuration will give rise to stagnant zones in the mixer and zones that are poorly mixed. This must be particularly taken into account in the context of industrial batch mixing processing. For example, the filling procedure of the vessel, that is sometimes disregarded, may lead to the placement of the key component in zones that are not favored by the stirring action. In addition, non-conformities are usually detected at the beginning and at the end of batches and may be attributed to the emptying of unmixed zones that are placed close to the outlet valve gates. While this may be overcome by the use of continuous mixers, this is not always feasible because of production constraints. Direct technical solutions such as the inclination of the blades, the inclination of the vessel, as well as a combination of both, may be considered. This is possible in the multifunction prototype presented here, and we will investigate these effects in future work. For this, the same experimental tracing procedure will be repeated.

The Markov chain model that has been derived in this work has been conceived as a first approach to modeling powder flow and is based on the mechanisms identified. It seems to catch most of the tendencies revealed experimentally. However, a finer analysis, based on the division of the volume into more cells, is needed before considering the validation of such a model. It is worth noting that the blender designed has also been elaborated to perform Particle Image Velocimetry, since the walls and the cylindrical vessel are transparent. This technique can be implemented with the use of an adapted tracker, as it allows to measure the different velocity fields of particles near the walls or at the powder bed surface. This would in turn help improve the markovian model by increasing the number of states and as a consequence its resolution.

At a longer term, the behavior of other powders will also be studied, so as to cover a wider spectrum of powder properties. In particular, cohesive powders of different shapes and sizes may reveal different flowabilities and drive to different tracing results. Tracing each powder during the establishment of an A/B mixture would also be meaningful in terms of understanding flow interactions, such as particle segregation.

Fig. 2 -

 2 Fig. 2 -SEM pictures of semolina (a) and fine lactose (b).

  1) Fig. 3 -Horizontal convective blender showing the four rectangular straight blades.

Fig. 4 -

 4 Fig. 4 -Front view of the convective blender and approximate position of the six zones. The white arrow represents the real direction of rotation of the system.

Fig. 5 -

 5 Fig. 5 -Method for sampling and image capture for semolina experiments (a); calibration curve for image analysis of semolina-colored semolina mixtures (b).

Fig. 6 -

 6 Fig. 6 -SEM picture of a semolina-lactose mixture showing the absence of ordered mixture.

Fig. 8 -

 8 Fig. 8 -Front view of the mixer after each blade pass with indications on bottom left (number of blade pass, stirring time), tracer has been placed initially in zone 4, the blade rotational speed is 57 rpm (zone number indicated in red on each pictures). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9 -

 9 Fig. 9 -Compared homogenization kinetics for lactose and semolina's tracers when they are initially placed in zone 4, ω = 57 rpm.

Fig. 10 -

 10 Fig. 10 -Evolution of the composition of each zone in the mixer for semolina, with a blade speed of 57 rpm and colored semolina initially placed in zone 1.

Fig. 11 -

 11 Fig. 11 -Back view (left), front view (middle) and top view (right) of the mixer after 4 s of mixing at 57 rpm. Black arrows are showing the avalanching flow observed on the free-surface, white arrows are showing the blade rotation direction.

Fig. 13 -

 13 Fig. 13 -Evolution of the composition of each zone in the mixer for semolina, with a blade speed of 57 rpm and colored semolina initially placed in zone 3.

Fig. 14 -

 14 Fig. 14 -Front view of the blender after 5 min of stirring of semolina at 57 rpm, tracer initially placed in zone 3.

Fig. 15 -

 15 Fig. 15 -Compared homogenization kinetics for lactose and semolina's tracers when they are initially placed in zone 3, ω = 57 rpm.
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 16 Fig. 16 -Evolution of the composition of each zone in the mixer for lactose, with a blade speed of 57 rpm and talc (tracer) initially placed in zone 4.

Fig. 17 -

 17 Fig. 17 -Evolution of the composition of each zone in the mixer for lactose, with a blade speed of 57 rpm and talc (tracer) initially placed in zone 1.

Fig. 19 -

 19 Fig. 19 -Impact of the rotational speed on the distribution of the free-flowing powder over the whole mixer, 4 s stirring time, tracer initially placed in zone 4.

Fig. 21 -

 21 Fig. 21 -Impact of the rotational speed on the distribution of the free-flowing powder over the whole mixer, 4 s stirring time, tracer initially placed in zone 3.

Fig. 22 -

 22 Fig. 22 -Impact of the rotational speed on the distribution of the cohesive powder over the whole mixer, 4 s (left) and 10 s (right) stirring time, tracer initially placed in zone 4.
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 23 Fig. 23 -Impact of the rotational speed on the distribution of the cohesive powder over the whole mixer, 4 s (left) and 10 s (right) stirring time, tracer initially placed in zone 1.
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 24 Fig. 24 -Impact of the rotational speed on the distribution of the cohesive powder over the whole mixer, 4 s (left) and 10 s (right) stirring time, tracer initially placed in zone 3.

Fig. 25 .

 25 Fig. 25. As vertical and horizontal mass transports are probably independent, the diffusion transition probabilities are represented by two parameters, d v and d h respectively. Convection transition probabilities are represented by a single parameter c, while concerning avalanching, a single parameter a is con-

Fig. 26 -

 26 Fig. 26 -Comparison of model (plain lines) and experiments (stars) for semolina when the tracer is initially placed in cell 4.

Fig. 27 -

 27 Fig. 27 -Comparison of model (plain lines) and experiments (stars) for lactose when the tracer is initially placed in cell 1.

Table 1 -

 1 Main physical powder properties.

	Powder	d 50 (m)	d 10 (m)	d 90 (m)	p (kg m -3 )	b (kg m -3 )	t (kg m -3 )	CI (%)	FRI
	Semolina	312	197	467	1463	679	720	5.8	0.89
	Fine lactose	26	4	67	1539	495	638	22.5	2.09

Table 2 -

 2 Product and process parameters investigated for mixing experiments.

	Powder	Semolina					Fine lactose			
	Agitation speed (rpm)	57				143	57			143	
	Stirring time t (s)	4	10	60	300	4	4	10	300	4	10

Table 3 -

 3 Powder weights measured in each zones of the blender (g).

	Zone	1	2	3	4	5	6
	Semolina (g) Lactose (g)	565 ± 55 425 ± 73	509 ± 36 344 ± 29	490 ± 57 408 ± 63	602 ± 29 414 ± 39	552 ± 58 361 ± 74	484 ± 57 379 ± 64

Table 4 -

 4 Markov chain model parameters identified for a rotational speed of 57 rpm.

	Parameter	c	a	d v	d h
	Semolina	0.4999	0.0347	0.0071	0
	Fine lactose	0.4511	0.0279	0	0.0001