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Abstract

:

Multi-component liquid-fluidized beds are encountered in a variety of industrial processes. Often, segregation severely affects the performance of the process unit. Unfortunately, size-driven and density-driven separation processes may occur with a complex interplay, showing prevailing mechanisms that change with the operating conditions. For example, when the solids exhibit contrasting differences in size and density, even the direction of segregation can turn out hard to predict, giving rise for some systems to the so-called “layer inversion phenomenon”. A systematic experimental investigation is presented on 14 different binary beds composed of glass beads and ABS spheres with different size and density ratios and different bed composition. The analysis allows assessing the reliability of a model for predicting the segregation direction of fluidized binary beds (the Particle Segregation Model, PSM). By measurements of the solids’ concentration at the surface, expansion/segregation properties and the inversion voidage are compared with the PSM predictions, offering a direct means of model validation. Both the segregation direction throughout the expansion range and the value of the inversion voidage are compared. Extensive qualitative agreement is obtained for 12 out of 14 fluidized mixtures. Quantitatively, the average discrepancy between predicted and measured inversion voidage is below 5%, with a maximum of 17%.
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1. Introduction


Thanks to their homogeneous expansion characteristics and good heat/mass transfer rates, liquid-fluidized beds of one or more particulate materials are utilized in a variety of industrial processes and technologies [1,2]. These include mineral processing [3], sorting/classification [4], coal beneficiation, separation in plastic waste recycling [5], in biochemical reactors [6,7] and in novel biomedical devices [8,9]. Rather often, segregation negatively affects the performance of the process unit, like in biological treatments and bioreactors. In other cases, e.g., in mineral processing and classifiers, solids stratification is the process objective. Unfortunately, size-driven, density-driven, and even shape-driven separation may act at the same time with a complex interplay, showing prevailing mechanisms that change with the operating conditions. For example, when the solids species exhibit contrasting differences in size and density (like in many applications cited above), the mixtures can give rise to the so-called “layer inversion phenomenon”, in which a different floating component can be found depending on the fluidization velocity or the mixture composition [10,11,12,13,14] (see Figure 1). Therefore, in such systems, the simple direction of segregation, i.e., which one component tends to separate towards the surface and which one tends to sink to the bottom, can turn out hard to predict. Furthermore, the fluid temperature plays a decisive role, mainly owing to its influence on the fluid viscosity [15]. Given the fundamental interest in understanding and characterizing the segregation tendency and the relevance to applications, analytical models of the behavior of a given mixture are very useful.



In the literature, various analytical models have been proposed, most often aimed at calculating the combination of fluid superficial velocity and bed expansion degree, as represented by the overall voidage, leading to the intermediate condition between the two segregation tendencies, named the inversion point (see Figure 1). Apart from discriminating the two segregation directions, this critical point possesses interesting features, for the bed is fully mixed throughout the whole column. Among the most widely used formulations are the “serial model” by Epstein and Pruden [16], the property averaging method introduced by Gibilaro et al. [17] and later extended by Asif [18], and the force balance approach applied separately to the two species by Funamizu and Takakuwa [19]. Most of them require the numerical solution of set of non-linear equations to find the two unknowns (fluid velocity and voidage).



The approach recently introduced by Di Maio and Di Renzo (Particle Segregation Model, PSM) [20] was shown theoretically capable of predicting both the segregation direction and the layer inversion voidage, requiring solely information on the solids properties and bed composition. Based on the hypothesis of bed uniformity and the knowledge of a model for the drag force in size-polidisperse systems, it has been proved possible to directly and analytically predict the segregation tendency of different types of particles in the liquid-fluidized bed.



In the present work, after a short description of the foundations of the PSM model for the inversion voidage in binary liquid-fluidized beds, a systematic experimental investigation on a set of binary mixtures specifically assorted to emphasize the role of the solids’ sizes and densities is presented. The results of the inversion voidage are compared to the PSM calculations in an attempt to assess its predicting capabilities.




2. Direct Prediction of the Inversion Voidage: the Particle Segregation Model (PSM)


The Particle Segregation Model approach follows from the force equilibrium on one particle immersed in a mixture [20] and is shortly summarized here. The point of departure considers a fluidized binary mixture composed of a smaller and denser component and a bigger and less dense component, a necessary but not sufficient condition to exhibit the layer inversion phenomenon. Without loss of generality, the small component is denoted as Species 1 and the bigger one as 2.



To establish a force balance on one particle species, the foundation of the Particle Segregation Model, expressions for the forces acting on a particle in a mixture of two or more solid components are required, as well as the average properties of the mixture. In the present derivation, the latter are defined as follows:


   D ¯  =    (     x 1     D 1    +   1 −  x 1     D 2     )    − 1    



(1)






   ρ ¯  =  ρ 1   x 1  +  ρ 2   (  1 −  x 1   )   



(2)




where  D  and  ρ  denote the particle diameter and density, respectively, and    x 1    is the solid volume fraction of solid Species 1.



To establish the expressions for the force contributions, the following considerations apply. The bed is assumed initially fully mixed and in the fluidized state. Consequently, the pressure gradient equals the apparent bed weight per unit volume. So, the generalized buoyancy force    F b    acting on a particle of Species 2 can be calculated by


   F  b 2   =  V 2  ∇ p =  π 6   D 2 3   (   ρ ¯  −  ρ f   )   (  1 − ε  )  g  



(3)




where  V  is the particle volume,    ρ f    is the fluid density and  ε  is the voidage, i.e., the volume fraction occupied by the fluid.



According to the findings of the last decade or so, formulations of the drag force    F d    on an individual particle species in a mixture are available, see e.g., [21,22,23,24]. Among these, the simplest one, as introduced in the PSM model by Di Maio and Di Renzo [20], is utilized, which takes the form of the product of a species-dependent coefficient and the average value of the force,      F d   ¯   . For the particle of Species 2, it reads


   F  d 2   =  y 2 2     F d   ¯   



(4)







In Equation (4) the species coefficient corresponds to the polydispersion index    y i   , defined as


   y i  =    D i    D ¯    



(5)







The average drag force in the system,      F d   ¯   , can be related to the sum of all drag forces exerted on the individual particle species by


     F d   ¯  =   ∑  i     x i     y i 3     F  d i    



(6)







However, since the mixture is assumed fully fluidized, the average force can be more conveniently expressed as the value balancing the apparent weight of an average particle, i.e.,


     F d   ¯  = ε  (   ρ ¯  −  ρ f   )   π 6    D ¯  3  g  



(7)







Therefore, the force balance on Species 2 reads


   V 2  ∇ p +  F  d 2   =  ρ 2   π 6   D 2 3  g  



(8)




which, upon substitution of the generalized buoyancy force, Equation (3), and the drag force, Equations (4) and (7), can be rearranged to lead to the following prediction formula for the equilibrium voidage:


   ε  i n v   =   1 −  s ¯    1 −  d ¯     



(9)







In Equation (9) the following definitions of the average size ratio and net density ratio appear:


   d ¯  =   D ¯    D 2     



(10)




and


   s ¯  =    ρ 2  −  ρ f     ρ ¯  −  ρ f     



(11)







An equivalent expression of the inversion voidage in terms of species size and density ratios is:


   ε  i n v   =    x 1  −  (  1 −  x 1   )  d    x 1  −  (  1 −  x 1   )  s    



(12)




where


  d =    D 1     D 2     



(13)




and


  s =    ρ 2  −  ρ f     ρ 1  −  ρ f     



(14)







It shall be noted that the voidage value obtained by the Particle Segregation Model, Equation (9) or Equation (12), named the force balance on Species 2 under the assumption of a fluidized and fully mixed binary mixture, can be interpreted as the inversion condition voidage, hence the subscript inv. Indeed, a peculiar condition occurs for which the Species 2 particles are both under equilibrium as a species and within a system that is globally at equilibrium (suspended). As a consequence, there is no drive to internal segregation during fluidization. Note that owing to the total bed equilibrium, also Species 1 particles have to be under force equilibrium, so the full system remains mixed. On the contrary, at voidage values different than    ε  i n v     some segregation occurs, in the “direction” that depends on the sign of the prevailing force. Within the suspended bed, one species will be found with hydrodynamic forces dominating (the one segregating to the top, or flotsam) and the other one with gravity force prevailing (the one settling to the bottom, or jetsam). A map in terms of the average size and density ratios like the one in Figure 2 can be drawn.



Differently from other macroscopic models, in which the inversion conditions of voidage and velocity are strongly coupled, Equation (9) leads to the direct prediction of the inversion voidage, lending itself to a relatively easy experimental verification. In addition, there are no fitting or otherwise adjustable parameters.




3. Experimental Setup, Methods and Materials


Different binary mixtures potentially exhibiting layer inversion have been tested in a water fluidization rig. The experimental facility is composed of a transparent PMMA, 10 cm diameter, 1.75 m height fluidization column, inserted in a water recirculation loop, as illustrated in Figure 3. The distribution section is composed by a plenum chamber filled with a static bed of 10 mm glass beads followed by a perforated steel plate with 400 μm diameter holes on a 1.5 mm pitch square mesh. Recirculated water at temperature within the range 20–22 °C was used as fluidizing medium. Flowrate is ensured by two pumps, Salmson NSB-S 40-25 and Calpeda MXH 804, depending on the required flow range, and measured by a battery of four rotameters (model FTV215, FTV225, FTV240 and FDZ1, Officine Orobiche Srl). The measurable water flow ranges from 0.016 to 8 m3/h. Bed height is acquired by direct observation of the liquid level and two meter-tapes attached to the column sides.



The overall bed voidage is computed based on the bed height and the known solids mass and density. Solids volume fraction at the surface is evaluated by withdrawing a sample of solids from the fluidized bed surface, using a cup shaped device (volume = 62.8 mL), sieving and weighing the solids. Typical solid mass sampled ranges 10–40 g, depending on the expansion degree. After each such measurement, the solids are reinserted in the bed to maintain the initial solids amount.



Independence of the effect of the distributor is achieved by initial bed heights with aspect ratio      H 0     D c    > 1.8  . Measured packed bed height ranged 18–35 cm with an average voidage of 0.42. The total column height sets the following corresponding maximum experimental voidage values:    ε  m a x   =   0.93–0.88.



The pouring arrangement of the solids was sequential, following the order in the typical evolution of the layer inversion phenomenon (see Figure 1), i.e., the fine glass beads first (at the bottom) and then the larger plastic spheres (at the top).



To investigate the role of particle size and density in the mixture, spherical particles are used as bed materials, including different size cuts of glass beads (SiLi-Beads) and bigger, calibrated size particles made of a different density, Acrylonitrile Butadiene Styrene (ABS) co-polymers and different amounts of BaSO4 (from reseller of common ammunition for airsoft guns). The density of the sphere was as declared by the manufacturer. The average particle size was calculated by dynamic image particle size analysis (Sympatec QICPIC). The codes and properties of the mixture components are listed in Table 1.




4. Results and Discussion


4.1. Expansion Properties of the Mixture Components


Individual component expansion tests have been carried out. Representative results are shown in Figure 4a,b for one glass bead cut, GB4, and one plastic sphere type, PS4, respectively. The expansion rate and intersection with nominally infinite expansion (  ε = 1  ) are compared against the predictions of the Richardson–Zaki equation with the wall correction factor  k  [6], i.e.,


  u = k    u  t 0    ε n   



(15)




in which the parameters are the slope  n  and the intercept   k    u  t 0    , where    u  t 0     is the particle terminal velocity. The fitted values of the slope and intercept are presented in Table 2, together with the values predicted using the correlations described in Epstein [6] (Section 4.3). Some scatter in Figure 4b can be attributed to a non-uniform bed height at high velocities and with big particles.




4.2. Segregation Direction and Layer Inversion


A typical fully fluidized mixture with the plastic spheres appearing strongly segregated at the top is shown in Figure 5a, a condition of bed mixing in Figure 5b and a completely inverted segregated mixture in Figure 5c.



Several combinations of the materials presented in Section 3 have been subjected to the systematic analysis of the segregation direction and possible occurrence of the layer inversion phenomenon. They are denoted by a string representing the codes of the glass beads x, the plastic spheres y and the volume fraction of the former z.zz, e.g., “GBx_PSy_X1_z.zz”. The list of the combinations examined is reported in Table 3, along with the mixture composition    x 1   , absolute size and density ratios  d  and  s , species-to-average size and density ratios   d ¯   and   s ¯  , and the predicted value of the inversion voidage calculated by Equation (9) or Equation (12). In addition, the inversion voidage experimentally determined (as described below) is reported whenever it was observable in the investigated range of operating variables and the corresponding percent deviation of the model predictions.



All the investigated mixtures are represented as points on the inversion map (Figure 6), to highlight the prediction of the PSM model. Despite the combination of particles of large size and low density with particles of reverted properties, not all mixtures lay within the inversion zone and, therefore, not all of them are predicted to exhibit layer inversion. To investigate the separate effect of the concentration, three systems show mixtures composed by different amounts of the same pair of solids, GB1 and PS1 with    x 1  =   0.08, 0.31 and 0.58 (see Table 3 and Figure 6).



During bed expansion, the solid volume fractions of the uppermost layer were experimentally measured as a function of the water superficial velocity. These values are compared with the nominal volume fraction of the overall mixture. Under the commonly observed hypothesis that segregation manifests with two layers of different concentrations of the two solids, if the top layer concentration profile of glass beads at some degree of expansion equals the nominal mixture value, at that point the fluidized bed can be assumed to be fully mixed. In other words, the fraction of glass beads changes from less than to greater than its nominal (i.e., overall) concentration. That peculiar, intermediate condition is judged as corresponding to the layer inversion point for the system.



Figure 7 shows two examples of a mixture whose profile of the top layer volume fraction with voidage is compared with the nominal mixture concentration (red horizontal arrow). Based on the measurements, it is concluded that the mixture GB4_PS3_X1_0.42 does not exhibit a cross point (Figure 7a), indicating no segregation direction inversion conditions (not in the expansion range technically observable). The mixture GB5_PS5_X1_0.48 does show segregation direction inversion (Figure 7b), as witnessed by the intersection between the volume fraction profile and the nominal concentration. This change of segregation direction does not necessarily imply complete layer inversion, since nominal layer inversion assumes that a pure layer of one component, typically the larger one, appears at the top (   x 1  = 0  ) at low velocities and a pure layer of the other one (   x 1  = 1  ) at higher velocities. In other words, while layer inversion would require the full transition from the first condition sketched in Figure 1 to the last one, the concentration profile shown in Figure 7b represents a transition that goes from the second sketch to the fourth condition sketched in Figure 1, no further than that even at high expansion degrees. As shown later (see e.g., Figure 8), most of the systems exhibit the full layer inversion transition.



In all cases for which segregation direction or full layer inversion occurs, the inversion voidage    ε  i n v     is determined as the abscissa value of the intersection point. Generally, the average value of multiple runs is taken, for example collecting data at increasing and decreasing velocity (see Figure 8). In Figure 8, concentration vs. voidage relationship for the mixtures GB1_PS1_X1_0.31 and GB1_PS1_X1_0.58 and their velocity vs. voidage relationships are reported, with the latter plots in logarithmic scale, in analogy to the expansion of mono-component beds. In comparison with Figure 7, the rapid and complete segregation direction reversal exhibited with the expansion degree (voidage) is noticed. This can be attributed to the rather extreme values of the size and density ratios, as shown by the bottom-left position of the corresponding point on the segregation map (Figure 6).



For the systems considered in Figure 8a,b the estimated uncertainty on the voidage is less than 2%. Considering all tests, the experimental variability on    ε  i n v     was limited to 8%.



Examining the expansion characteristics of the two mixtures (Figure 8c,d), it shall be noticed that the voidage is not generally uniform, as the segregation may cause a vertical profile with local differences. Consequently, the reported voidage is the value corresponding to the total amount of void space divided by the total bed volume. At the inversion point, however, the mixture is by definition uniformly mixed. Therefore, the voidage at the inversion point should be considered a uniform property of the mixture.




4.3. Overall Comparison with PSM Predictions


The comparison of predicted and measured segregation behavior is reported in Figure 9. In the experimentally investigated range of expansion voidage, the match for the qualitative segregation direction and the occurrence of the layer inversion and is found for 12 out of 14 systems. The two systems for which incorrect predictions are obtained are GB1_PS2_X1_0.30, uniform segregation dominated by size instead of inversion theoretically predicted, and GB2_PS2_X1_0.30, uniform segregation dominated by density instead of inversion theoretically predicted. In both cases, the theoretical inversion voidage is close to the limiting expansion conditions, i.e., close to 0.4 and    ε  m a x    , respectively. It is presumable that such a situation can be hard to check experimentally, as for example near the packing limit (i.e., low voidage), the segregation tendency can be hindered or strongly delayed due to the low particle mobility.



The last three systems in Figure 9 all show consistent observations and PSM theoretical predictions, although the experimental measurements only reported (density) segregation. The calculated inversion voidage lies at an expansion degree above    ε  m a x    . It is worth mentioning that the observed concentration profile with voidage of these systems shows an increasing trend, in agreement with the predictions. The fact that in the investigated range the observed top layer concentration never reached the nominal mixture concentration does not exclude high probabilities to be captured at higher voidage values. This conclusion is corroborated by examining the concentration profile of these systems. One of these is plotted in Figure 7a, where the concentration profile can be estimated to reach the nominal mixture at an expansion voidage    ε  i n v   > 0.9  , in reasonable agreement with the PSM predictions.



For all cases when the inversion condition is explicitly observed, the PSM model predictions show an average discrepancy on    ε  i n v     below 5%, with a maximum of 17%. All predicted and measured values are reported in Table 3.



Interestingly, for the three mixtures involving PS1 and GB1 in Figure 9, which differ only in the concentration of the two components (   x 1    = 0.08, 0.31 and 0.58, respectively), the experimental and predicted inversion voidage values exhibit remarkably similar behavior, both qualitative and quantitative.



Aside from the inherent significance of the systematic analysis presented, the results discussed earlier provide a substantial corroboration of the quality of the predictions achievable using the PSM model. It is worth recalling that the ability to estimate the voidage at the inversion conditions independently of the corresponding velocity is a unique feature over previous models. For example, in the results presented by Escudiè and Epstein [25] specifically on the inversion voidage, it was calculated knowing the inversion velocity.



Overall, the comparison of the systematic investigation with the PSM predictions shows that the inversion map shown in Figure 2 provides a simple and relatively effective way to predict the segregation direction of a given mixture (in terms of solids’ size and density ratios and composition) and, in case of possible inversion, to estimate its voidage.





5. Conclusions


The segregation behavior of binary mixtures composed of small denser particles and bigger, less dense particles in water-fluidized beds was systematically investigated by measuring the tendency exhibited over a relatively wide range of expansion degree. In particular, the occurrence of the layer inversion phenomenon and its characteristic voidage value were experimentally determined for different particle size, density and mixture concentration.



The selection of systems was driven by taking into consideration the predictions of the Particle Segregation Model. In theory, the model is able to capture the influence of solids’ properties and mixture concentration, allowing parameter-free analytical prediction of the inversion voidage, irrespective of the corresponding velocity.



Experimental determination of the surface solid concentration allowed volume fraction vs. average voidage plots to be obtained for 14 different mixtures involving 5 cuts of glass beads and 5 calibrated plastic spheres with different densities. Despite the simple procedure to determine the concentration, repeatability tests showed reproducibility of the voidage to within 8%. PSM ability to capture the occurrence of layer inversion phenomena appeared reliable both for exhibiting and non-exhibiting systems (12 out of 14). Quantitative agreement, with an average below 5% and a maximum of 17%, appeared encouraging, particularly considering the simplicity and the lack of adjustable parameters of the PSM model formulation.
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Abbreviations




	
Notation




	
  D  

	
particle diameter, m




	
   D ¯   

	
average mixture diameter, m




	
    D c    

	
column diameter, m




	
   d ¯   

	
average-to-species 2 diameter ratio, -




	
  F  

	
force, N




	
  g  

	
gravitational acceleration, m/s2




	
    H 0    

	
packed bed height, m




	
  p  

	
pressure, Pa




	
   s ¯   

	
species-2-to-average net density ratio, -




	
  x  

	
solid mixture volume fraction, -




	
  y  

	
polydispersion index, -




	
  u  

	
water superficial velocity, m/s




	
  V  

	
volume, m3




	
Greek symbols




	
  ε  

	
voidage, -




	
  ρ  

	
density, kg/m3




	
   ρ ¯   

	
average solid density, kg/m3




	
Subscripts




	
   1 , 2   

	
referring to species




	
b

	
buoyancy




	
d

	
drag




	
f

	
fluid




	
   i n v   

	
inversion




	
max

	
maximum
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Figure 1. Simulations of the segregation and layer inversion in liquid-fluidized bed. Reprinted from Chemical Engineering Science, 66, Di Renzo A., Cello F., Di Maio F.P., Simulation of the layer inversion phenomenon in binary liquid-fluidized beds by DEM–CFD with a drag law for polydisperse systems, 2945-2958, Copyright (2011), with permission from Elsevier [13]. 
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Figure 2. Layer inversion zone in the average density vs. average diameter ratio map. Three distinct regions appear: the one where the denser component tends to settle and the lighter one tends to float (density prevailing); the one where the finer component tends to float and the bigger one to settle (size prevailing); the intermediate region where the segregation direction can change with expansion (layer inversion). 
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Figure 3. Experimental water-fluidization rig. 1. Tank; 2. Check valve; 3. Pump; 4. Overpressure valve; 5. By-pass valve; 6. Filter; 7. Fine regulation valve; 8. Rotameters; 9. Fluidization column (10 cm ID, 1.75 m height); 10. Collection tank. 
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Figure 4. Expansion properties of one sample of glass beads, GB4, (a) and plastic spheres, PS4, (b). The parameters of the fitting lines are reported in Table 2 and compared with empirical correlations. 
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Figure 5. Photographs of a typical fluidization behavior for a mixture of fine glass beads (GB1) and light plastic spheres (PS1): (a) fully segregated condition at low water velocity; (b) mixed condition at intermediate velocity; (c) expanded inverted layers condition at high velocity. 
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Figure 6. Representative points for the mixtures on the density vs. size ratio map (see Figure 2). 
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Figure 7. Representative trends of the concentration of the uppermost layer as a function of the expansion (voidage). As indicated by the presence or absence of the intersection of the profile with the nominal concentration (red arrow), for system GB4_PS3_X1_0.42 (a) the inversion condition is not reached in the investigated range and for system GB5_PS5 _X1_0.48 (b) layer inversion is found to occur. 
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Figure 8. Determination of the experimental inversion voidage average and uncertainty range and mixture expansion characteristics. Example of the concentration of the uppermost layer as a function of the voidage for the system GB1_PS1_X1_0.31 (a) and GB1_PS1_X1_0.58 (b), corresponding velocity–voidage relationships (c) and (d), respectively. 
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Figure 9. Histogram plot comparing the segregation direction and the inversion voidage between the PSM model predictions and the experimental measurements. Color codes are illustrated in the legend: blue and green indicate segregation dominated by density, red and orange segregation dominated by size and the black and grey lines denote the inversion voidage. Note that the maximum height of the experimental bar indicates the highest voidage achieved in the column for each test. The systems are sorted by increasing predicted inversion voidage. Solids and mixture properties are available in Table 1 and Table 3. 
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Table 1. Glass beads (GB) and calibrated plastic spheres (PS) properties.
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	Code
	Densit (kg/m3)
	Nominal Size Cut (mm)
	Average Size (mm)





	GB1
	2500
	0.60–0.81
	0.87



	GB2
	2500
	1.40–2.0
	2.12



	GB3
	2500
	2.40–2.90
	2.80



	GB4
	2500
	2.85–3.45
	3.18



	GB5
	2500
	3.80–4.40
	4.21



	PS1
	1451
	5.95
	5.95



	PS2
	1632
	5.95
	5.95



	PS3
	1814
	5.95
	5.95



	PS4
	2086
	5.95
	5.95



	PS5
	2267
	5.95
	5.95
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Table 2. Slope and intercept parameters of the fitting lines for the expansion of solids GB4 (Figure 4a) and PS4 (Figure 4b). Correlations for the Richardson–Zaki exponent, terminal velocity and wall correction factor, see Equation (15), are reported in Epstein [6] (Chapter 26).






Table 2. Slope and intercept parameters of the fitting lines for the expansion of solids GB4 (Figure 4a) and PS4 (Figure 4b). Correlations for the Richardson–Zaki exponent, terminal velocity and wall correction factor, see Equation (15), are reported in Epstein [6] (Chapter 26).





	System
	Fitting Line Slope (-)
	Richardson-Zaki Exponent (-)
	Fitting Line Intercept (mm/s)
	Terminal Velocity (mm/s)
	Wall Correction Factor (-)





	GB4
	2.42
	2.43
	303
	381
	0.75–0.85



	PS4
	2.43
	2.41
	371
	444
	0.71–0.80
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Table 3. Combinations of solids and mixture properties of the investigated systems, with composition, absolute species and species-to-average size and density ratios, inversion voidage predicted by Equation (9) or Equation (12) (Particle Segregation Model, PSM), the experimentally determined inversion voidage and the deviation between the last two.






Table 3. Combinations of solids and mixture properties of the investigated systems, with composition, absolute species and species-to-average size and density ratios, inversion voidage predicted by Equation (9) or Equation (12) (Particle Segregation Model, PSM), the experimentally determined inversion voidage and the deviation between the last two.





	Code
	GB vol. Fraction

    x 1    
	Species Size Ratio

  d  
	Species Density Ratio

  s  
	Species to Avg. Size Ratio

   d ¯   
	Species to Avg. Density Ratio

   s ¯   
	Inversion Voidage (PSM)

    ε  i n v     
	Inversion Voidage (exp.)

    ε  i n v     
	Deviation

    Δ   ε  i n v      ( % )    





	GB3_PS5_X1_0.48
	0.48
	0.47
	0.91
	0.65
	0.92
	<0.40
	<0.40
	-



	GB4_PS5_X1_0.48
	0.48
	0.53
	0.91
	0.71
	0.92
	<0.40
	<0.40
	-



	GB3_PS4_X1_0.45
	0.45
	0.47
	0.83
	0.66
	0.85
	0.44
	0.53
	17%



	GB1_PS2_X1_0.30
	0.30
	0.15
	0.65
	0.36
	0.71
	0.46
	<0.40
	-



	GB5_PS5_X1_0.48
	0.48
	0.71
	0.91
	0.83
	0.92
	0.49
	0.51
	4%



	GB1_PS1_X1_0.08
	0.08
	0.15
	0.58
	0.68
	0.84
	0.49
	0.51
	4%



	GB4_PS4_X1_0.45
	0.45
	0.53
	0.83
	0.72
	0.85
	0.52
	0.51
	−2%



	GB1_PS1_X1_0.31
	0.25
	0.15
	0.58
	0.41
	0.63
	0.62
	0.62
	0%



	GB1_PS1_X1_0.58
	0.58
	0.15
	0.58
	0.23
	0.43
	0.74
	0.76
	3%



	GB3_PS3_X1_0.42
	0.42
	0.47
	0.73
	0.68
	0.74
	0.82
	0.80
	−3%



	GB2_PS2_X1_0.30
	0.30
	0.36
	0.65
	0.65
	0.71
	0.83
	(>   ε  m a x    )
	-



	GB5_PS4_X1_0.45
	0.45
	0.71
	0.83
	0.84
	0.85
	0.93
	(>   ε  m a x    )
	-



	GB4_PS3_X1_0.42
	0.42
	0.53
	0.73
	0.73
	0.74
	0.98
	(>   ε  m a x    )
	-



	GB5_PS3_X1_0.42
	0.42
	0.71
	0.73
	0.85
	0.74
	>1.00
	(>   ε  m a x    )
	-











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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