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Abstract: In this study, influence of the dispersion coefficient on the internal state of a multicomponent
mixture comprising 35 types of particle species with five different sizes ranging -2.0+0.25 mm and seven
different densities, 1400 to 2000 kg/m3, in a reflux classifier under continuous process conditions is
presented. Simulations were performed to study the effect of dispersion coefficient on the separation
density, D50, separation efficiency, Ep, and solid volume fraction of the multicomponent mixture. The
simulation results provided a good agreement with the published experimental results of the reflux
classifier, operated at full scale in 2005, for a relatively high value of the dispersion coefficient, 0.0030
m2/s, and a relatively small value of the dispersion, 0.00030 m2/s, in the fluidization and inclined
sections of the device, respectively. Moreover, different fixed values of the dispersion coefficient and a
published proposed model of the dispersion coefficient were incorporated in the model to examine
variations in the system and were compared with the validated simulation results. It was found that the
selected values of the dispersion coefficient had not much effect on the D50 values. However, the Ep
values changed significantly with changes in the dispersion coefficient values. The smaller values of the
dispersion coefficient provided lower values of the Ep that did not match well with the validated
simulation results. Furthermore, the variations in the total solid volume fraction within the reflux
classifier for different values of the dispersion coefficient has been demonstrated.
Keywords: continuum model, dispersion flux, ecart probable error, segregation, slip velocity
1. Introduction
The complex process of fluidization has a wide range of applications, e.g. coal processing, mineral
processing, food technology, wastewater treatment and bio-solubilization of coal particles, etc. over
other configurations due to several advantages such as easy solids handling, efficient solids mixing,
high mass and heat transfer rates (Di Felice, 1995). The utilization of the fluidization processes as
hydraulic classification is a comparatively new method and comprises a column in which water and
solids are brought into contact. The current of water moves upwards while the solid particles move
downwards and/or upwards depending on the difference in their size and density. The separation
devices such as teeter bed separators, Stoke's hydrosizer, floatex density separator, cross-flow separator
and reflux classifiers are included in the category of fluidized bed classifiers (Galvin et al., 1999; Tripathy
et al., 2015).
In fluidization, phenomena such as dispersion, segregation, fluctuation velocity, interstitial fluid
velocity, layer inversion and slip velocity are the main areas of research interests among many
researchers (Dorgelo et al., 1985; Asif and Petersen, 1993; Galvin et al., 2006; Peng et al., 2016; Abbasfard
et al., 2018; Khan et al., 2017; Syed et al., 2018; Khan et al., 2019). The phenomenon of dispersion or
diffusion, however, remains the most critical area to understand the hydrodynamics of fluidized beds.
In this regard, Kennedy and Bretton (1966) were the first to propose a segregation-dispersion model to
characterize the hydrodynamics of fluidized bed separators. According to the authors, solid particle
transport in a fluidized bed has a combined effect of two counteracting mechanisms, i.e. the dispersion
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and segregation fluxes. Dispersion refers to the intermixing tendency of solid particles within a liquid
fluidized bed (Kennedy and Bretton, 1966; Galvin et al., 2006) and tends to disperse solid particles
uniformly during a fluidization process. If there is no dispersion, complete segregation of solid particles
could be possible. Kennedy and Bretton (1966) applied Fick’s law of diffusion to describe the onedimensional self-diffusion of particle species in fluidized beds. According to the Fick’s Law, the
diffusion or dispersion flux of solid particles in a fluidized bed is quantified as the product of
concentration gradient and the dispersion coefficient, D, (Bird et al., 1960; Kennedy and Bretton, 1966;
Juma and Richardson, 1983).
Subsequently, several semi-empirical, theoretical and computational correlations were proposed to
quantify the dispersion coefficient of solid particles. Van der Meer et al. (1984) proposed a correlation
that showed the dependency of the dispersion coefficient, D, of solid particles on the liquid superficial
velocity, vsf , given as:
Di = 0.25 vsf2.2

(1)

The above correlation was modified by Dorgelo et al. (1985) as:
Di = 0.1 vsf2

(2)

In another study, Batchelor (1988) developed a theoretical correlation stating that the dispersion
coefficient of solid particles also depends on particle diameter, dp , and local liquid volume fraction or
voidage, ϕf. Similarly, Kang et al. (1990) proposed an equation showing that the D depends on the
superficial velocity of the liquid and the minimum fluidization velocity, vmf , given as:
Di = 2.97 x 10-3 (vsf + vmf )0.802

(3)

Nonetheless, the above correlations did not consider the effects of other properties of fluid and
particles, such as interstitial fluid velocity, suspension density and particle density, which reduced the
applicability of those correlations (Asif and Petersen, 1993). Asif and Petersen (1993) suggested a more
generalized correlation based on dimensionless parameters, Froude Number, Fr, and Peclet Number,
Pe to properly describe, on a broader scale, the influence of the properties of particles and fluid on the
D. The correlation by Asif and Petersen (1993) was given as,
Fr
Pe

= 7.9 (

vsf - vmf 2.141
vt

)

(4)

The authors (Asif and Petersen, 1993) obtained the value of Pe by trial and error method that
provided the diffusion coefficients with a better fit to their experimental results. Hence, their
assumption of using fixed values of Pe was implicitly validated by finding an agreement between the
theory and experiments. Galvin et al. (2006) developed a new comprehensive correlation for D based
on the kinetic theory of gases. Such an approach was proposed previously by Gidaspow (1994) to
explain the dispersion coefficient of gas molecules in an ideal gas. According to Galvin et al. (2006) the
particle dispersion coefficient can be quantified using the following correlation,
Di =

α dp v f
*t

(5)

where α, vf , dp and ϕt are the constant, interstitial fluid velocity, particle diameter and total solid volume
fraction, respectively. Eq. (5) states that the dispersion coefficient varies according to local changes in
the interstitial fluid velocity and the total solid volume fraction throughout the fluidized bed. The
authors provided a detailed comparison of the predictive capabilities of their correlation with other
available correlations and described the evaluation of the dispersion coefficient for a narrow range of
particle species in terms of size and density over a broad range of fluidization velocities (Galvin et al.,
2006; Patel et al., 2008). Similarly, Khan et al. (2017) studied the influence of energy dissipation on the
dispersion coefficient and stated that the dispersion coefficient increases with increasing energy
dissipation rate, whereas, the energy dissipation rate depends on the liquid superficial velocity.
Many researchers also used fixed values of the dispersion coefficient as a fitting parameter to
validate their model predictions with the experimental results (Kennedy and Bretton, 1966; Ramirez
and Galvin, 2005; Syed et al., 2018; Syed and Khan, 2019). For instance, Juma and Richardson (1983)
used fixed values of the dispersion coefficient, 0.0018 and 0.0028 m2/s, to obtain the best fit for the
predicted concentration profiles. Similarly, Ramirez and Galvin (2005) used a fixed value of dispersion
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coefficient, 0.00060 m2/s, in their study. Likewise, Syed et al. (2018, 2019) also used fixed values of the
dispersion coefficient, 0.00030 m2/s, for multicomponent mixtures in the reflux classifier.
The literature related to dispersion in fluidization processes mainly focused on quantifying the value
of the dispersion coefficient, predicting the concentration profiles and size distribution of solid particles
within fluidized beds (Juma and Richardson, 1983; Patel et al., 2008; Khan et al., 2017). However, the
study shows that the majority of the work mainly focused on liquid fluidized beds consisting of mono
and binary systems under batch process conditions. Describing the hydrodynamics of the fluidization
processes becomes even more difficult when dealing with multicomponent mixtures having dissimilar
densities and size at the same time under continuous processing conditions. These processes represent
practical applications and their studies are important steps in the direction of the appropriate design
and scale up of such processes (Asif, 1997; Syed et al., 2019).
Syed et al. (2018) proposed for the first time a 2D segregation-dispersion model to study
multicomponent mixtures under continuous process conditions in the Reflux Classifier (RC). The RC
consists of a fluidization and an inclined section (Galvin et al., 2005), Fig. 1. The separation of solid
particles in the fluidization section occurs similar to the liquid fluidized beds, however, within the
inclined section a set of parallel inclined channels are present that act as efficient classification zones for
the device. The inclined channels provide a large settling area to the solid particles during a fluidization
process and allow the denser or coarser solid particles to settle at a higher rate as compared to the
vertical section. The solid particles after settling on the inclined channels slide backwards and discharge
from the base of the RC. A detailed working principle of the device has been provided by Galvin et al.
(2010). Syed et al. (2018) modeled the RC with narrow-spaced channels and validated the model
predictions with the experimental results of Galvin et al. (2010). The model predictions successfully
demonstrated density-based separation and the mechanism of shear-induced lift. The authors used
fixed values of the dispersion coefficient, 0.00030 and 0.000030 m2/s, in the fluidization and inclined
sections of the RC, as fitting parameters. Similarly, in another study focusing on the size classification
by Syed et al. (2019), the 2D segregation-dispersion model was utilized to model a multi-size RC with
wide channel spacing. In that study, the solid particles had different sizes, but the same density and the
separation was based on the differences in the particle size. The value of the dispersion coefficient was
kept at 0.00030 m2/s inside the fluidization and inclined sections of the RC.

Fig. 1. Schematic representation of a continuous process in the Reflux Classifier

The present study is an extension of Syed et al. (2016) work in which the authors demonstrated
density-based separation in the RC with wide channel spacing using the 2D segregation-dispersion
model under continuous processing conditions and the effect of shear-induced lift was switched off. A
relatively higher value of dispersion coefficient, 0.0030 m2/s, was used in the fluidization section as a
fixed parameter and the model predictions were validated with the experimental results of Galvin et al.
(2005). In this paper, the main focus is to demonstrate the selection of a suitable dispersion coefficient
value as a fixed parameter and to illustrate the effects of the dispersion coefficient on the internal state,
i.e. separation density, D50, and separation efficiency, Ep, of a multicomponent mixture in the RC using
the 2D segregation-dispersion model. Moreover, the correlation of dispersion proposed by Galvin et al.
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(2006) was incorporated in the 2D segregation-dispersion and the results obtained were compared with
the validated model predictions. Furthermore, the effect of dispersion coefficient on the total solid
volume fraction within the fluidized and inclined sections of the RC has been demonstrated. The study
is valuable in understanding the effects of the dispersion coefficient on the hydrodynamics of a
multicomponent mixture under continuous process conditions. It also provides a basis for developing
a new dispersion model that could accurately describe the hydrodynamics of fluidized bed separators
under continuous process conditions. The study also emphasized in the application of the 2D
segregation-dispersion model that acts as a framework in which different new models could be
incorporated and studied.
2. Computational model
The 2D segregation-dispersion model is based on the Kennedy and Bretton (1966) approach and
describes the net flux of a solid particle species as a combined effect of dispersion and segregation fluxes
at any location within a fluidized vessel and has x and y components (Syed et al., 2018) given as:
Nx,i = ϕi vp_ x,i = -Dx,i
Ny,i = ϕ vp_ y,i = -Dy,i
i

∂ϕi
∂x
∂ϕi
∂y

+ ϕi vsg _ x,i

(6)

+ ϕi vsg _ y,i

(7)

where Nx, Ny, vp_x, vp_ y, vsg_x, vsg_ y, Dx, Dy, ϕi are the x and y components of net flux, particle velocity,
segregation velocity relative to the vessel, dispersion coefficient and the solid volume fraction,
respectively. Similarly, -Di

∂ϕi
∂x

and -Di

∂ϕi
∂y

are the dispersion fluxes in the x and y directions, whereas

ϕi vsg _ x,i and ϕi vsg _ y,i are the segregation fluxes in the x and y directions of the solid particle species i,
respectively.
The total volume flux, vn , comprising solids and liquid, just above the feed inlet can be represented
mathematically as (Syed et al., 2018):
vn = vfs + Nf - Nu = vf ϕf + ∑ ϕi vp,i
(8)
In the same way, the total volume flux below the feed point is given as:
vn = vfs - Nu = vf ϕf + ∑ ϕi vp,i

(9)

where, vfs , 𝑣/ , 𝑁/ , 𝑁1 and ϕf are the superficial fluidization velocity, interstitial fluid velocity, feed flux,
underflow flux and voidage, respectively.
The complete algorithm of the 2D segregation-dispersion model can be seen in Syed et al. (2018)
article. However, a brief description of the incorporation of the hindered settling model has been
provided here.
The x and y components of the segregation velocity in Eq. (10 & 11) are quantified as a sum of the
particle slip relative to the fluid and interstitial fluid velocities, given as:
vseg _ x,i = vslip _ x,i + vf_x

(10)

vseg _ y,i = vslip _ y,i + vf_ y

(11)

where vslip _ x,i and vslip _ y,i are the x and y components of slip velocities, respectively. While, vf_x and vf_ y
are the interstitial fluid velocities in the x and y directions, respectively.
The slip velocity was calculated by incorporating the hindered settling model of Asif (1997). A
directional parameter, ℓ, was also introduced to define the motion of solid particle species in the upward
and downward directions (Syed et al., 2016, 2018). The slip velocity model with its x and y components
is given as:
ni-1
ρ - ρsus
64 7 cosθ
ρ
i
f

vslip_ x,i = 3vt,i ℓ 45 ρi

ni-1
ρ - ρsus
64 7 sinθ
i - ρf

vslip_ y,i = 3vt,i ℓ 45 ρi

(12)
(13)

where ρi is the density of solid particles, ρf is the density of the fluid, ρsus is the suspension density and
vt is the particle terminal velocity. The suspension density is given as:
ρsus = ∑ϕi ρi + (1- ∑ϕi )ρf

(14)
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A fixed value of the Richardson and Zaki (1954) exponent n, i.e. 3.2, was considered as a fitting
parameter (Syed et al. 2018). The particle terminal settling velocity was calculated as:
Ret =

ρ f v t dp

(15)

µf

To calculate the particle Reynolds number, Ret, the equation of Zigrang and Sylvester (1981) was
utilized:
Ret = 3(14.51+1.838g×8ρi - ρf 9ρf 9

0.5 d1.5
µf

0.5

2

) - 3.817

(16)

where µf is the viscosity of the fluid and g is the gravitational constant.
2.1. Simulation parameters
Simulations were performed on a system 2.0 m in height with fluidization and inclined sections, each
having a length equal to 1 m. The cross-sectional area of the computational domain was 0.0060 × 0.0060
m2. The whole system was divided into 11 elements and 100 shells in the x and y directions, respectively.
Element 1 was the nearest element to the upward-facing wall of the inclined channel, element 6 was the
middle region and element 21 was nearer to the upper surface of the inclined channel (Syed et al., 2016,
2018). The feed inlet point was taken at a height of 0.7 m (shell 35) within the fluidization section.
The feed consisted of a multicomponent mixture comprising total of 35 types of solid particle species
with five different sizes and seven different densities at the same time. The average particle size, 1.70,
1.20, 0.85, 0.60 and 0.35 mm, was selected in a way to represent the particle size range -2.0+1.40,
-1.40+1.0, -1.0+0.70, -0.70+0.50 and -0.50+0.25 mm, respectively, as used by Galvin et al. (2005). The
particle size selection, e.g. -2.0+1.40 mm, illustrated that the material passed through a screen size -2.0
mm while was retained on the screen size +1.40 mm.
A feed (slurry) flux of 0.016 m3/m2s (67.2 t/m2h) containing total solid flux of 0.0040 m3/m2s (24.0
t/m2h) and water flux of 0.012 m3/m2s (43.2 t/m2h) was introduced into the system. The fluidization
velocity and underflow rate were selected equal to 0.0050 m3/m2s and 0.0040 m3/m2s, respectively, to
attain a separation density value (density cut point) according to the experimental conditions of Galvin
et al. (2005). The properties of the solid particles are shown in Table 1.
2.2. Methodology
Several simulation runs were performed under continuous process conditions using the 2D segregationdispersion model for different values of the dispersion coefficient. Table 2 shows worth mentioning
simulation runs, Run 1-5, whose results are discussed in this paper. Fixed values of the dispersion
coefficient were considered in Run 1-4 as a fitting parameter both in the y (parallel to the plane) and the
x (normal to the plane) directions within the computational domain of the RC (Syed et al., 2016 2018).
In each run, the value of the dispersion coefficient was changed while all other process conditions were
kept constant. Furthermore, in Run 5, the dispersion correlation proposed by Galvin et al. (2006) was
incorporated in the 2D model and its results were examined. The data generated through simulations
were used to produce partition curves from which the corresponding values of the separation density,
D50, and separation efficiency or Ecart probable error, Ep, were derived. Some partition curves and extra
simulation results are shown in Appendix I & II. The D50 value is the density cut point and represents
the solid particle species that have a 50% probability to move out from the system either via the overflow
or the underflow. The Ep value defines the separation quality of a device. If the value of Ep is near to
zero, it depicts good separation quality, whereas, if the Ep value is near to one, it exhibits poor
separation quality.
3.

Results and discussion

3.1. Effect of the dispersion coefficient on the separation density
Simulations were performed using different values of the dispersion coefficient, Table 2. The predictive
values of D50 obtained for Run 1, in which a relatively higher value of the dispersion coefficient, 0.0030
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Table 1. Properties of the solid particles used in simulations
Particle size
(mm)
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.20
1.20
1.20
1.20
1.20
1.20
1.20
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.35
0.35

Particle density
(kg/m3)
1400
1500
1600
1700
1800
1900
2000
1400
1500
1600
1700
1800
1900
2000
1400
1500
1600
1700
1800
1900
2000
1400
1500
1600
1700
1800
1900
2000
1400
1500

Particle Reynolds
number
158.1
181.3
202.6
222.3
240.9
258.4
275.1
81.7
94.4
106.0
116.9
127.1
136.8
146.0
41.0
47.7
54.0
59.8
65.4
70.6
75.7
19.6
23.0
26.2
29.2
32.1
34.9
37.5
5.6
6.7

Terminal velocity
(m/s)
0.093
0.106
0.119
0.130
0.142
0.152
0.161
0.068
0.079
0.088
0.097
0.106
0.114
0.122
0.048
0.056
0.064
0.070
0.077
0.083
0.089
0.033
0.038
0.044
0.049
0.054
0.058
0.063
0.016
0.019

0.35
0.35
0.35
0.35

1600
1700
1800
1900

7.8
8.8
9.8
10.7

0.022
0.025
0.028
0.031

0.35

2000

11.6

0.033

m2/s, and a value equal to 0.00030 m2/s, in the fluidization and inclined sections, respectively, were
used, agreed well with the experimental results of Galvin et al. (2005) (Syed et al., 2016, Fig. 7), tabulated
in Table 3. However, slight differences were observed in the D50 values for the finer species. The value
of the D50 for the finer species, 0.35 mm, obtained from the model predictions was 2.03 as compared to
the experimental results for which the D50 value for the corresponding size was 1.94. A higher value of
D50 for finer species showed that all the fine solid particles moved out from the RC via the overflow
because the largest density used in the simulations was 2000 kg/m3. In contrast, the value of D50 for the
coarser species, 1.70 mm, was 1.46 in the experiments (Galvin et al., 2005), whereas the model predicted
it equal to 1.45. The lowest density used in the simulations was 1400 kg/m3, which shows that the
maximum amount of coarser solid particles discharged from the base of the system.
Fig. 2a, b shows model predictions for Run 1-5 demonstrating the D50 value as a function of particle
size under steady-state conditions. In order to show clarity, the validated predictions of Run 1 are also
shown separately in Fig. 2a. The model predictions exhibited a monotonic decrease in the D50 values
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with increasing particle size as was observed experimentally by Galvin et al. (2005). Fig. 2b shows a
comparison of the validated predictions of Run 1 with the model predictions of Run 2-5. The comparison
showed minor differences in the D50 values for all the runs, however, in Run 4, the value of D50 for the
finer species was 2.20 providing a large difference with the validated predictions. Furthermore, in Run
5, the D50 values accurately matched with the validated predictions for the average particle sizes 1.70,
1.20, and 0.60 mm. However, slight discrepancies existed in the D50 values for the particle sizes 0.85 and
0.35 mm. Nevertheless, the most important feature of the results was that the differences in the D50
values were not significant. This illustrated that the dispersion coefficient did not affect much the D50
values within the range of values studied.
Table 2. Simulation runs with different values of the dispersion coefficient
Dispersion coefficient (m2/s)
Fluidization section Inclined channel

Simulation runs
Run1 – Validated Predictions
x - direction
y - direction
Run 2 – Predictions
x - direction
y - direction
Run 3 – Predictions
x - direction
y - direction
Run 4 – Predictions
x - direction
y - direction
Run 5 – Predictions
Dispersion Model (Galvin et al. 2006)

0.0030
0.0030

0.00030
0.00030

0.00030
0.00030

0.000030
0.000030

0.00030
0.00030

0.00030
0.00030

0.0030
0.0030

0.0030
0.0030

Di =

α dp uf
ϕt

Di =

α dp uf
ϕt

Table 3. The separation density, D50, values

2.4

Particle size
(mm)
1.70

Validated predictions of
Run 1
1.45

Experimental values by
Galvin et al. (2005)
1.46

1.20
0.85
0.60
0.35

1.51
1.59
1.73
2.03

1.53
1.61
1.74
1.94
2.4

(a)

Run 1 –
M…

2.2

Run 3 - Pr edictio ns

2.0

Run 4 - Pr edictio ns

1.8

1.8

D 50

D50

2.2

validated
predictions

2.0

Run 1 - validated
predictions
Run 2 - Pr edictio ns

(b)

1.6

Run 5 - Pr edictio ns

1.6

1.4

1.4

1.2

1.2
1.0

1.0
0.0

0.5

1.0

1.5

Particle Size (mm)

2.0

0.0

0.5

1.0

1.5

2.0

Particle Size (mm)

Fig. 2. The separation density, D50, as a function of particle size: (a) The D50 versus particle size for the validated
predictions Run 1, (b) A comparison of validated predictions with the simulation runs i.e. Run 2-5
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3.2. Effect of the dispersion coefficient on the separation efficiency
The values of separation efficiency, Ep, were derived from the corresponding partition curves of Run 15. Table 4 provides a comparison of the validated Ep values of Run 1 with the experimental results of
Galvin et al. (2005). The Ep values of Run 1 gave a very good agreement with the experimental results.
Fig. 3 shows Ep as a function of particle size under steady-state conditions and provides a
comparison between the validated model predictions of Run 1 and the model predictions for Run 2-5.
In Fig. 3, the curve with empty circles represents the validated model predictions and depicts that the
Ep values decreased monotonically with increasing particle size following the same pattern as was
observed experimentally by Galvin et al. (2005). The figure shows that the separation quality for finer
species, 0.35 mm, was poor due to a higher value of Ep, 0.13. In contrast, the Ep value of the coarser
species, 1.70 mm, was 0.022 showing a good separation quality.
Table 4. The separation efficiency, Ep, values
Particle size
(mm)
1.70
1.20
0.85

Validated predictions of
Run 1
0.022
0.036
0.050

Experimental values by
Galvin et al. (2005)
0.025
0.040
0.052

0.60
0.35

0.073
0.13

0.075
0.12

The comparison of Ep values in Fig. 3 illustrates that the Ep values differed significantly with
changes in the values of the dispersion coefficient. As discussed, the best agreement was obtained for
Run 1 (curve with empty circles) in which the values of the dispersion coefficient in the fluidization and
inclined sections were kept constant at 0.0030 and 0.00030 m2/s, respectively. The first important effect
to observe was that the curve corresponding to Run 4 (curve with asterisk) was relatively close to the
curve corresponding to the validated model predictions of Run 1. These two curves were obtained for
the same values of the dispersion coefficient, 0.0030 m2/s, in the fluidization section, but different values
in the inclined section (Table 2). A higher value of the dispersion coefficient in the fluidization section
provided higher values of Ep demonstrating that the separation was not fine in that region. This
indicates that the tendency of intermixing of solid particles was higher in the fluidization section of the
RC than in the inclined section. This might be due to the fact that there were probably two major points
where the intermixing tendency of solid particles was high, one at the feed inlet and second at the
junction of the fluidization and inclined sections due to the reflux action of the device. This fact was
further corroborated by comparing the large differences observed between the Ep values of Run 2 and
Run 3 with the validated model predictions in which lower values of the dispersion coefficient, 0.00030
m2/s, were kept in the fluidization section and hence lower Ep values were obtained.
Moreover, the values of the Ep predicted using the correlation of the dispersion coefficient (Run 5)
proposed by Galvin et al. (2006) also demonstrated a significant reduction in the Ep values with
increasing particle size over a small range of particle size (0.30 and 0.85 mm). In addition, the
corresponding values of the Ep were much lower and hence a significant difference in the validated
model predictions and Run 5 was observed. Nevertheless, the correlation of the dispersion coefficient
proposed by Galvin et al. (2006) was able to predict a monotonic reduction in the values of the D50 and
Ep with increasing particle size, although it could not be used to validate the model predictions with
Run 1 and the experimental results.
The above illustrations show that the dispersion coefficient had a higher influence on the separation
efficiency of the reflux classifier. As dispersion is an opposing phenomenon during the particle
transport in a fluidized bed separator or hydrosizer, so, a higher value of the dispersion coefficient will
reduce the separation efficiency of the device and vice versa. The above study also shows that a new
correlation of dispersion coefficient by considering the effect of superficial velocity at the feed inlet
could be proposed. Such a correlation would be capable of predicting the dispersion of solid particles
in a continuous fluidization process.
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0.16

Run 1 - validated predictions

0.14

Run 2 - Predictions

0.12

Run 3 - Predictions

Ep

0.10

Run 4 - Predictions

0.08

Run 5 - Predictions

0.06
0.04
0.02
0.00
0.0

0.5

1.0
1.5
Particle Size (mm)

2.0

Fig. 3. A comparison of validated predictions of Run 1 with the simulations runs i.e. Run 2-5, demonstrating the
pattern of decrease in the separation efficiency or Ecart probable error, Ep, values with increasing particle size

3.3. Effect of the dispersion coefficient on the total solid volume fraction
Fig. 4a, b, c demonstrates the effect of the dispersion coefficient on the total solid volume fraction for
the simulation runs (Run 1-4) in element 1, 6 and 11. The figure shows two main sections, the
fluidization and inclined sections within the reflux classifier. Additionally, two distinct zones within
the fluidization section of the reflux classifier are illustrated, first a higher concentration zone from feed
inlet to the base and second a dilute zone above the feed inlet and below the inclined section of the
device.
Fig. 4a shows a comparison of the total solid volume fractions versus height for the four simulation
runs, Run 1 – 4, in element 1. The validated predictions of Run 1, show that the total solid volume
fraction in element 1 had a maximum solid volume fraction of 0.60 near the base and it decreased to a
value of 0.47 at a height of 0.60 m, near the feed inlet, within the fluidization section. It further decreased
to a value of 0.36 in the dilute zone. In the inclined channel, the total solid volume fraction had a
maximum value of 0.37 approximately, along the channel length. In contrast, the plot of Run 2 shows
that when the values of the dispersion coefficient were 0.00030 and 0.000030 m2/s in the fluidization
and inclined sections of the device, respectively, the system achieved a maximum total solid volume
fraction of 0.57 near the base. The total solid volume fraction decreased a bit up to the height of 0.20 m
and then maintain a constant value of 0.57 to a height of 0.60 m, whereas, it started to decrease and
reached a value of 0.37 in the dilute zone. In the inclined section, there was a significant increase in the
total solid volume fraction for the Run 2 and reached a maximum value of 0.50. This illustrates that
within the inclined section, due to a lower value of the dispersion coefficient, the solid particles settled
at a higher rate and hence the volume fraction of the solid particles increased.
The model predictions for Run 3 show that the total solid volume fraction illustrated a behavior
identical to Run 2 within the fluidization section, whereas, a similar trend of the solid volume fraction
of Run 1 within the inclined channel. This was understandable as the dispersion coefficient values were
0.00030 m2/s in both the fluidization and inclined sections of the RC. In Run 4, a relatively higher value
of dispersion coefficient, 0.0030 m2/s, was selected in both the fluidization and inclined sections of the
RC. The total solid volume fraction showed a similar trend as of Run 1 in the fluidization section of the
RC. However, within the inclined channel, it reached a maximum value of 0.35, comparatively lower
than the total solid volume fractions of the three simulation runs studied here.
Fig. 4b, c demonstrates the total solid volume fraction versus height in elements 6 and 11. The model
predictions show that the total solid volume fraction decreased in element 6 and 11 for the simulation
Runs 1 and 3. Moreover, a significant reduction in the total solid volume fraction was observed in
element 6 and 11 for Run 3. In Run 3, due to a lower value of the dispersion coefficient, the solid particles
settled at a higher rate and thus the total solid volume fraction decreased to a lower value of 0.12 in
element 11. In contrast, the behavior of the system was different when a higher value of the dispersion
coefficient was used in Run 4. In that case (Run 4), the total solid volume fraction almost remained the
same in all the elements, showing that the solid particles were mostly suspended due to the higher
dispersion or intermixing effect.
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Fig. 4. Total solid volume fraction versus height for the simulations Runs 1, 2, 3, and 4: (a) Total solid volume
fraction versus height in element 1, (b) Total solid volume fraction versus height in element 6, (c) Total solid
volume fraction versus height in element 11

4. Conclusions
A 2D continuous segregation-dispersion model was used to examine the effect of dispersion coefficient
on the internal state of a multicomponent mixture in the Reflux Classifier (RC) with wide channel
spacing. Simulations were performed for five different runs, Run 1-5, under continuous processing
conditions with changed values of the dispersion coefficient and their effects on the D50, Ep, and total
solid volume fraction was studied. The model predictions provided a good agreement for Run 1 in
which the values of the dispersion coefficient were kept constant at 0.0030 and 0.00030 m2/s, in the
fluidization and inclined sections of the RC, respectively. The simulation results of the other four runs,
Run 2-5, were compared with the validated predictions of the model. It was observed that different
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values of the dispersion coefficient had not much effect on the D50 values. In contrast, the values of Ep
showed significant variations with the changing dispersion coefficient values. The smaller values of the
dispersion coefficient provided lower values of the Ep that did not match well with the validated
predictions, nevertheless, the lower values of the dispersion coefficient caused good separation quality.
Furthermore, the variations in the total solid volume fraction for different values of the dispersion
coefficient was also demonstrated by plotting concentration profiles versus height. It was found that at
a higher value of the dispersion coefficient, 0.0030 m2/s, in the inclined section, the model predictions
exhibited no change in the values of the total solid volume fraction, Fig. 4, revealing that the solid
particles were in suspended form. On the other hand, a lower value of the dispersion coefficient,
0.000030 m2/s, showed a higher settling rate of solid particles, Fig 4c, that resulted in smaller values of
the total solid volume fraction within the inclined section. The pattern of the total solid volume fraction
of the validated predictions was, however, considered more suitable.
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Nomenclature
D
N
Nf
Nu

dispersion coefficient (m2/s)
net flux (m3/m2s)
feed flux (m3/m2s)
underflow flux (m3/m2s)

Greek letters
solid volume fraction
ϕ
ϕ/
voidage
µ
fluid viscosity (Pa s)

n
Ret
vfs
vf

Richardson Zaki exponent (dimensionless)
particle Reynolds number (dimensionless)
superficial fluidization velocity (m/s)
interstitial fluid velocity (m/s)

ρf
liquid density (kg/m3)
ρ
particle density (kg/m3)
ρsus
suspension density (kg/m3)
Subscripts

vp
vsg

particle velocity (m/s)
segregation velocity of solid particles (m/s)

sg

vt
vn
vslip

terminal settling velocity of solid particles (m/s)
total volume flux (m/s)
slip velocity of solid particles (m/s)

i
sus

f

segregation
liquid fluid
ith particle
suspension
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Fig. A1. Partition curves obtained from the data generated through simulations demonstrating the probability of
solid particle species to report either as overflow or underflow: (a) Run 1, (b) Run 2

Separation efficiency or Ecart probable error, Ep, was obtained as: Ep =

D25 - D75
2

(A1)

87

Physicochem. Probl. Miner. Process., 56(1), 2020, 76-88

Appendix – II
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Fig. A2. Comparison of extra simulation runs, 6, 7 and 8, with Run 1: (a) D50 versus particle size, (b) Ep versus
particle size
Table A1. Extra simulation runs with different dispersion coefficient values.
Simulation runs
Run 6 – Predictions
Run 7 – Predictions
Run 8 – Predictions

Planes

D in Fluidization section (m2/s)

D in Inclined channel (m2/s)

x - direction
y - direction
x - direction
y - direction
x - direction
y - direction

0.00030
0.00030
0.00030
0.0030
0.0030
0.0030

0.0030
0.00030
0.00030
0.0030
0.030
0.0030
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