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Abstract

It is well known, when binary mixtures of different-density particles of the same size are vertically
vibrated or fluidized by airflow through the bottom, the particles segregate by density. Reverse density
segregation occurs in the vibrated bed; heavier particles move upward and lighter ones move
downward, and normal density segregation occurs in the fluidized bed; lighter particles move upward
and the heavier ones move downward. In this study, we investigated the particles’ behavior in a
vertically vibrated fluidized bed at various air velocity using two types of particulate mixtures of glass
beads (GB) and stainless steel powder (SP) or iron powder (IP) of same size. We found that reverse
segregation converts to normal segregation at a certain air velocity; here we call it “conversion air
velocity”. Then, we investigated the likely origin of the conversion air velocity considering the
minimum fluidization air velocity umr determined for the three monocomponent particles (GB, SP and
IP) with and without vibration. We found that the conversion air velocity is close to the umr of the
lower density particles (GB) with vibration, indicating that the conversion from reverse segregation

to normal segregation occurs around ums of lighter particles with vibration.

Keywords: Density segregation, Vibrated fluidized bed, Separation



1. Introduction

Powder handling is important in various engineering applications, such as mineral processing,
food processing, pharmaceutical preparation, surface coating, granulation, and grain drying [1-4].
Addition of fluidizing airflow and/or vibration to the powder bed is a powerful tool to induce
segregation of binary particulate mixtures for effective powder handling.

When binary mixtures of different-density particles of the same size are fluidized by airflow
through the bottom, normal density segregation occurs; lighter particles move upward and the heavier
ones move downward. The fundamentals of the segregation have been widely investigated, and the
segregation has been applied to dry gravity separation of particulate mixtures [5—24]. The addition of
vibration to the fluidized bed is a useful method to achieve good fluidization of fine cohesive particles
[25-32]. The vibration affects the cohesive particles aggregate size, the characteristics of the bed
expansion, the pressure drop through the bed and so on. The vibrated fluidized bed is also useful to
improve the segregation of non-cohesive binary particulate mixtures [33—43]. Recently, we reported
the advantage of the addition of vertical vibration to the fluidized bed [42]. When a fine particulate
sand mixture of heavy sand and lighter silica sand was fluidized without the vibration, normal density
segregation was not induced because the density difference of the two sands (< 1.3 g/cm?) was not
large enough. On the other hand, normal density segregation was induced when the sand mixture was
fluidized with the vibration. We also found that the highest degree of the density segregation is
obtained when the air velocity is close to the minimum fluidization velocity of the sand mixture
regardless of the initial bed height, and that the degree of the density segregation surprisingly
oscillates with increasing vibration intensity.

The addition of vertical vibration to binary particulate mixtures without airflow has been also
widely investigated [44]. As the size segregation, Brazil-nut effect (BN) and reverse Brazil-nut effect
(RBN) are famous. BN or RBN is observed when binary mixtures of different-sized particles are
vertically vibrated [45—48]. Larger particles move upward for BN or smaller ones move upward for

RBN, which depends on the relationship between the size ratio and density ratio of the particles. Li



et al. experimentally and theoretically investigated BN and RBN in the vibrated fluidized bed by
changing the air velocity [49]. The authors found that BN converts to RBN upon increasing the air
velocity from zero to a critical value, and explained the conversion based on the fundamental theory
of dynamics. The conversion air velocity was predicted to be close to 0.68Xumr where umr is the
minimum fluidization air velocity of the binary mixture. However, the origin of the conversion air
velocity was not discussed in the literature.

Density segregation in a vibrated bed has been also investigated [S0—55]. When binary mixtures
of different-density particles of the same size are vertically vibrated, reverse density segregation
occurs at smaller frequency of vibration; heavier particles move upward and lighter ones move
downward. The sandwich type segregation occurs at larger frequency; a layer of heavier particles is
sandwiched between an upper layer and a lower layer of lighter particles. The existence of interstitial
air in the powder bed is deemed responsible for the phenomena because these segregations do not
occur under vacuum conditions. Zeilstra et al. showed the mechanisms of these segregations
considering the difference in acceleration from the air drag and the difference in inertial mass in
collisions [54, 55].

As above, reverse density segregation and normal density segregation are generally characteristics
of the vibrated bed and the fluidized bed, respectively. It is expected that reverse segregation would
convert to the normal segregation at a certain air velocity in a vibrated bed if the air velocity is
increased from zero. However, the investigation of the conversion from reverse segregation to normal
segregation for density segregation has not been carried out while that for the size segregation has
been conducted by Li et al. [49]. In this study, we investigated the conversion using two types of
binary mixtures of different-density particles of the same size, and we also investigated the origin of
the conversion air velocity considering minimum fluidization air velocity of the lighter and heavier
particles with and without vibration. Better understanding of the conversion velocity will enable

determining the correct operating conditions to effect efficient separations.



2. Experimental
2.1. Particulate mixture

Two types of particulate mixtures A and B of 50%:50% bulk volume fraction are used. Mixture A
consists of glass beads (GB1, bulk density 1.5 g/cm?) and stainless steel powder (SP, bulk density 4.0
g/cm?); the GB and SP are non-cohesive spherical particles of 0.21-0.25 mm diameter. Mixture B
consists of glass beads (GB2, bulk density 1.5 g/cm?) and iron powder (IP, bulk density 4.4 g/cm?);
the GB and IP are non-cohesive spherical particles of 0.15—0.18 mm diameter. The particle properties
are shown in Table | including the density of the bulk form of the powdered materials which are

typically; glass (2.2 to 2.5 g/cm?), stainless steel (7.5 to 8.0 g/cm?) and iron (7.9 g/cm?).

2.2. Vibrated fluidized bed and measurement of air velocity versus pressure drop

The apparatus used previously [42] was used in this study. The apparatus consists of a cylindrical
column of inner diameter = 100 mm, an air distributor with a textile felt held between two perforated
metal plates and an air chamber. The vertical vibration was generated by two vibration motors
connected to the side of the air chamber. The amplitude 4 was varied by tuning unbalanced weights
in the vibration motors. The frequency f was controlled using an inverter. The ratio of vibration
acceleration to gravitational acceleration g, so-called vibration intensity /" (= A(2nf)*/g), was used as
an index of the vibration strength. The 4, f'and / for the experiments using Mixture A and Mixture B
are shown in Table 2. There are two dimensionless parameters for characterizing the vibration
strength; 7" for “mild fluidization” and S (= 4*(2nf)*/gd) for “strong fluidization” where d is the
particle diameter [56]. The choice of the parameter depends on whether the powder bed follows the
motion of the bottom of the container in mild fluidization or not in strong fluidization. We employed
I inorder to investigate the density segregation in mild fluidization using relatively small amplitude
and frequency in this study. The vibration intensity /" was chosen some what arbitrarily as 4.4 for
Mixture A and 3.4 for Mixture B as these values were found to produce good reverse segregation

when only vibration was applied to the bed.



The monocomponent particles of GB, SP or IP was put into the cylindrical column to a bed height
= 50 mm. Air from a compressor was injected into the particles through the air distributor. The
superficial air velocity uo was varied by an airflow controller. For the determination of minimum
fluidization air velocity ums, the superficial air velocity was gradually increased from zero with and
without the vertical vibration, and the pressure drop across the particles AP was measured by a
manometer. Graphs of uo versus AP with and without vibration were made to determine ums as
described elsewhere [57]. The point of intersection of a linearly increasing line for the fixed powder
bed and a flat line for the fluidized powder bed was regarded as umr. The measurements were carried

out three times and averaged.

2.3. Density segregation experiments

The binary particulate mixture was put into the cylindrical column to a bed height = 100 mm, and
was fluidized for 10 min with the vertical vibration at a given air velocity uo in the range of 0 ~ 28.6
cm/s for Mixture A and in the range of uo = 0 ~ 13.2 cm/s for Mixture B. After the fluidization and
the vibration, 10 layers of the particles of approximately 10 mm in height were collected as follows.
A ruler is put on the outer wall of the cylindrical column. Each layer of the particles was collected
using a vacuum cleaner while watching the ruler at the side of the column. The weight and bulk
volume of each layer were measured using an electronic balance and a measuring cylinder,
respectively. The particles bulk density p at each layer was calculated by dividing the weight by the
bulk volume. As the preliminary experiments, we measured the bulk density of Mixture A and
Mixture B for the given bulk volume fractions of SP and IP (see Fig. S1 of the Supplementary
material). The bulk density linearly increases with the bulk volume fraction. The equations given by
the fitted straight line in the figure were used to estimate the bulk volume fraction of SP (Vsp) for
Mixture A and of IP (V1p) for Mixture B at each layer. The estimation gave Vsp and Vip of 10 layers at
the given air velocity with vibration. It should be noted that the bed height during the fluidization and

the vibration varies with changing uo. However, we confirmed that the bed height returns to be the



initial bed height = 100 mm after the fluidization and the vibration ceased, which might be because
non-cohesive spherical particles of same size are used in this study. Therefore, the above-mentioned
simple method is reliable to estimate the bulk volume fraction as a function of height through the bed.
The segregation efficiency £ was calculated using Eq.(1) to evaluate the degree of segregation, where
L =1 is for the top layer, L = 10 is for the bottom layer, and Vsporip (L) is expressed as a percentage.
For a well-mixed non-segregated mixture, Vsporip (L) = 50% for all layers and thus Eq. (1) gives E =
0%. For a perfect normal segregation, lower five layers are SP or IP and thus Eq. (1) gives £ = 100%.
On the other hand, for a perfect reverse segregation, upper five layers are SP or IP and thus Eq. (1)
gives £ =—100%. The experiments were carried out 2 or 3 times for each experimental condition and

the results were averaged.

1 50-Vsp or1p(L) Vsp or 1p(L)—50
E = jo{2i, Brerenr ¢ w0 Fsrorf - X 100 % (M

3. Results and discussion
3.1. Reverse segregation and normal segregation

Fig. 1 shows the bulk volume fraction of SP (Vsp) of each layer and Fig. 2 shows photos of the
side views of the powder bed at various air velocities uo for Mixture A (0.21-0.25 mm diameter). The
photos were taken from video recordings (available in the Supplementary material as “Supplementary
video 17) The video clips of the particles’ behavior at various air velocities uo for Mixture A were
recorded over a period of 10 mins but played back at 20 times speed up. The dark color and light
color in the photos show stainless steel powder (SP) and glass beads (GB), respectively. Vsp of upper
layers is close to 100% and Vsp of lower layers is close to 0% at uo = 0 and 2.2 cm/s, indicating that
reverse segregation occurs when only vibration and lower air velocity is applied. The reverse
segregation can be observed in the photos; although it is not easy to see due to the low color contrast,
the upper area is darker than the lower area. It is observed by the video recordings that the downward

convection of the particles exists near the side wall, and the GB moving downward accumulate at the



bottom. On the other hand, Vsp of upper layers is close to 0% and Vsp of lower layers is close to 100%
at uo = 8.8 ~ 19.8 cm/s, indicating that normal segregation occurs at these air velocity ranges. The
normal segregation is clearly shown by the photos and the video recordings. Vsp of layer 1 ~ 7 at uo
=24.2 cm/s and of layer 1 ~ 9 at up = 28.6 cm/s are close to 50%, indicating that GB and SP tend to
mix at too high air velocity due to violent bubbling as shown by the photos and the video recordings.

Here we focused on the fact that reverse segregation converts to normal segregation between uo
= 2.2 and 8.8 cm/s for Mixture A, and next we investigated the conversion using the other particulate
Mixture B (0.15—0.18 mm diameter). Fig. 3 shows the bulk volume fraction of IP (V1p) of each layer
at various air velocities uo for Mixture B. As with the case of Mixture A, reverse segregation occurs
atuo =0 and 1.0 cm/s, and normal segregation occurs at uo =4.1 and 7.1 cm/s. The reverse segregation
converts to normal segregation between 1o = 1.0 and 4.1 cm/s. Here we varied uo in smaller increments
around the conversion. The result obtained at o = 1.5 cm/s is interesting. Vip of layer 1 is close to
0%; the top layer consists of GB. As the layer goes down, Vip increases from approx. 0% at layer 1 to
approx. 100% at layer 3, whereas Vip decreases to approx. 30% at layer 5. Again, Vip increases to
approx. 65% at layer 8, whereas Vip slightly decreases to approx. 55% at layer 10. It seems to that the
reverse segregation is reduced and the normal segregation is induced to a certain extent at uo = 1.5
cm/s, because IP cannot move up to the top layer and almost half of the IP stays in the lower five
layers. The normal segregation is induced to a greater extent at uo = 2.0 cm/s. Vip of layer 1~3 is close
to 0%; the top three layers consist of GB. Vip of the lower five layers is larger compared to that at uo
= 1.5 cm/s. However, surprisingly, Vip clearly decreases from approx. 100% at layer 6 to approx. 50%
at layer 10. It seems that the IP at middle height layers cannot move downward across the GB-rich

layers.

3.2. Conversion air velocity
The above results clarified that the reverse segregation converts to the normal segregation at a

certain critical air velocity, that is, the conversion air velocity. In order to investigate the origin of the



conversion air velocity, the minimum fluidization air velocity umr was determined from plots of air
velocity uo versus pressure drop AP. Fig. 4 and 5 show AP as a function of u for the particles used
to prepare Mixture A and B. The dotted lines in the figures are ums for GB, SP and IP with and without
vibration. umr and AP at uo > ums of the lighter particles (GB) is less than those of heavier particle (SP
and IP), which is a well known characteristic of fluidized beds. ums with vibration is less than that
without vibration, whereas AP with vibration is larger than that without vibration for all of GB, SP
and IP. Similar tendency was reported previously [25, 28]. The decrease in powder bed voidage due
to consolidation with vibration is related to the decrease in umr and the increase in AP.

Fig. 6 and 7 show the segregation efficiency £ as a function of uo for Mixture A and B, respectively.
The graphs clearly show the transition of the particles’ behavior; £ = —75% at lower uo means the
reverse segregation, £ =~ 90% at middle ranged uo means the normal segregation, and £ =~ 0% at higher
uo means mixing. The conversion air velocity is around 3.5 cm/s for Mixture A and around 1.5 cm/s
for Mixture B. The dotted lines in the figures are the ums of GB, SP and IP with and without vibration.
It is found that the ums of the GB is closely related to the conversion air velocity. Especially, the umr
of the GB “with vibration” is close to the conversion air velocity. The results indicate that the reverse
segregation converts to the normal segregation near at the minimum fluidization air velocity of lighter
particles with vibration.

Hereafter, we discuss the possible mechanism why the conversion from the reverse segregation
to the normal segregation occurs around the umr of lighter particles with vibration. Zeilstra et al.
showed the mechanism of the reverse segregation as follows [54, 55]. The vertical vibration (without
fluidization) induces the cyclic compaction and decompaction of the powder bed with the oscillating
gas flow in the powder bed. Air drag is generated due to the pumping of air in combination with the
cyclic compaction and decompaction. The difference in acceleration from the air drag causes the
heavier particles to move upward, resulting in the reverse segregation [54, 55]. Then, we consider the
possible mechanism as follows. If the air is vertically injected into the vibrated powder bed through

the bottom and the air velocity reaches the umr of lighter particles with vibration, the lighter particles



begin to be fluidized. The air pumping effect (due to compaction and decompaction) is weakened and
the difference in acceleration from the air drag becomes negligible. As the result, the reverse
segregation does not occur. Above the umf, even though the binary mixture is vertically vibrated, the
heavier particles sink in the fluidized bed of the lighter particles based on density difference resulting
in normal segregation. In short, the fluidization of the lighter particles induced by the airflow through

the bottom suppresses the effect of vertical vibration that would otherwise induce reverse segregation.

4. Conclusion

We investigated density segregation in a vibrated fluidized bed with increasing air velocity from
zero. Two types of binary mixtures of same-sized different-density particles were used for the
experiments. We found that the reverse segregation occurs when only vibration or lower air velocity
is applied, and that normal segregation occurs at middle range of air velocity. At very high air
velocities mixing occurs. These results indicate that reverse segregation converts to the normal
segregation at a certain critical air velocity, that is, the conversion air velocity. In order to investigate
the origin of the conversion air velocity, we determined the minimum fluidization air velocity umf of
the lighter particles and the heavier particles with and without vibration. We found that the umr of the
lighter particles with vibration is close to the conversion air velocity, indicating that the conversion
from reverse segregation to normal segregation occurs around the umr of the lighter particles. As the
possible mechanism, we suggest that the fluidization of the lighter particles induced by the airflow

through the bottom suppresses the effect of vertical vibration to induce reverse segregation.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Bulk volume fraction of SP (Vsp) in each layer at various air velocities uo for Mixture A
(0.21-0.25 mm diameter). The vibration intensity was /"= 4.4. Layer 1 is the top and
layer 10 is the bottom.

Photos of the side views of the powder bed at various air velocities 1o for Mixture A. 10
minutes after fluidization and vibration are started.

Bulk volume fraction of IP (V1p) in each layer at various air velocities uo for Mixture B
(0.15-0.18 mm diameter). The vibration intensity was /"= 3.4. Layer 1 is the top and
layer 10 is the bottom.

Pressure drop AP as a function of superficial air velocity uo for increasing uo with and
without vibration for the particles used to prepare Mixture A. The dotted lines indicate ums
for each type of particle with and without vibration. The vibration intensity was /"= 4.4.
Pressure drop AP as a function of superficial air velocity uo for increasing uo with and
without vibration for the particles used to prepare Mixture B. The dotted lines indicate ums
for each type of particle with and without vibration. The vibration intensity was /"= 3.4.
Segregation efficiency £ as a function of superficial air velocities uo for Mixture A. The
dotted lines indicate umr for each type of particle with and without vibration. The vibration
intensity was /"= 4.4.

Segregation efficiency E as a function of superficial air velocities uo for Mixture B. The
dotted lines indicate umr for each type of particle with and without vibration. The vibration

intensity was /"= 3.4.



Table 1. Properties of the powders.

Bulk Density Particle size [mm] Particle density
[g/cm’] [g/cm’]
Glass Beads GB1 1.5 0.21-0.25 2.2-2.5
Glass Beads GB2 1.5 0.15-0.18 2.2-2.5
Stainless Steel Powder SP 4.0 0.21-0.25 7.5-8.0
Iron Powder IP 4.4 0.15-0.18 7.9

Table 2 The 4, f'and / for the experiments using Mixture A and Mixture B.

Amplitude 4 [m] Frequency f[-] Vibration intensity 7 [-]
Mixture A
1.20x1073 30 4.4
GBI & SP
Mixture B
0.93x1073 30 3.4

GB2 & IP




Supplementary material

Conversion air velocity at which reverse density segregation converts to normal
density segregation in a vibrated fluidized bed of binary particulate mixtures
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Fig. S1. Bulk density as a function of bulk volume fraction of stainless steel powder (SP) for Mixture A

and of iron powder (IP) for Mixture B. The straight lines are the best fit to p versus Vsp and p versus Vip.

Supplementary Video Legends
Video clips of the particles’ behavior in a vibrated fluidized bed at various air velocities uo with the vertical
vibration for Mixture A of GB and SP (0.21-0.25 mm diameter), over a period of 10 mins played back at 20

time speed up.
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Fig. 1 Bulk volume fraction of SP V; in each layer at various air velocities u, for Mixture A.




Fig. 2. Photos of the side views of the powder bed at various air velocities u, for Mixture A.
10 minutes after fluidization and vibration are started.
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Fig. 3. Bulk volume fraction of IP V}; in each layer at various air velocities u, for Mixture B.
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Fig. 4. Pressure drop AP as a function of superficial air velocity u,, for increasing u, with
and without vibration for the particles used to prepare Mixture A. Dotted lines are u,.
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Fig. 6. Segregation efficiency E as a function of superficial air velocities u, for Mixture A.

Dotted lines are u,,; for each experimental condition.
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Fig. 7. Segregation efficiency E as a function of superficial air velocities u, for Mixture B.

Dotted lines are u,,; for each experimental condition.
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