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This reported investigation dealt with the effect of the addition of internal blades to a fluidized bed and how this
modification affected the bed'sminimum fluidization velocity and the particle agglomerate size of LiF. Thismod-
ification resulted in a new concept of dimensionless fluidization that can be used to quickly compare the fluidi-
zation quality of various types of fluidized beds. The experimental results showed that the fluidization in the bed
that contained internal blades was better than the fluidization of a bed containing only LiF powder. When inter-
nal blades were added, large aggregates were found to collide with the blades and thewalls of the bed as a result
of airflow, resulting in fragmentation and improvedfluidization of smaller aggregates. A vertical component force
of the internal blades was used tomodify the original Zhou-Li force balancemodel. The calculated results for the
agglomerates in the LiF internal blade-bed using themodified Zhou-Li equation agreedwell with the experimen-
tal data. Therefore, it was concluded that the modified Zhou-Li equation was adequate for predicting the size of
the LiF agglomerates in a fluidized bed.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

LiPF6 is an important supporting salt in the electrolyte in Li-ion bat-
teries [1], and electrolytes containing this supporting salt meet the basic
requirements for the electrical conductivity and chemical stability in
lithium ion batteries. The preparation of LiPF6 using the gas-solid
method [2] is relatively easy to accomplish. The gas-solid fluidized bed
reactor provides increased heat and mass transfer efficiency [3] be-
tween the two reaction phases, because the C-type viscous LiF particles
exhibit non-ideal fluidization. However, new methods to improve the
fluidization quality of the LiF particles have become an important issue.

Themain feature of Class Cmaterials is that they exhibit good viscos-
ity, but it is difficult for these materials to form a normal fluidized state,
because they are subject to slugging and channel flow [4,5]. The root
cause of this problem is that the viscous force between the particles is
greater than the drag imparted by the fluid. Particle size is generally
the culprit in the generation of viscous forces, coupled with strong elec-
trostatic forces, and large quantities of moisture [6–8]. According to Liu
[9], ultra-fineparticles have very large viscous forces. At a certain critical
velocity, a number of small agglomerates is formed for fluidization, so
that a Gaussian distribution occurs in the size of these agglomerates.
LaMarche et al. [10] concluded that the cohesive force of the viscous
particles was very sensitive to the particle surface roughness, so that
the fluidization process of a fine powder could be divided into three
stages, which are the elastic particle stage, the conversion stage, and
the agglomeration fluidization stage.
Fluidization modification of C-type particles can usually be accom-
plished by one of two methods [11]; however, the internal method is
plagued by the separation of added components. Therefore, to improve
the fluidization of the cohesive particles, an external force field is usu-
ally employed to weaken and overcome the cohesion between the co-
hesive particles and reduce the size of the agglomerates. Cano et al.
[12] investigated the fluidization of ultrafine particles in a vibrating
field, and found that high frequency vibration decreased the minimum
fluidization velocity, and a higher vibration amplitude reduced the bub-
ble velocity. Guo et al. [13] found that the fluidization quality of nano-
particles was significantly increased by an increase in the level of
sound pressure (100–103.4 dB). Jiang et al. [14] installed four annular
baffles with 56% porosity in a circulating fluidized bed to improve the
ozonedecomposition of FCC catalysts. Jing's results showed that the baf-
fles enhanced the radial mixing of the particles and gases, which im-
proved the gas-solid contact efficiency. Liu et al. [15] reported a study
of the improvement of internal components in the fluidization of vis-
cous particles, and their experiments showed that inclusion of pore-
paddles provided the best improvement in the fluidization, which was
a better approach than increasing the number of blades in the bed.
They also found that achieving a satisfactory effect required thatthe
slant angle of the blades should be N60°, and the opening rate of blades
should be 25%. In addition to the prediction and estimation of the size of
viscous particles, Antonio et al. [16] proposed a simple equation to esti-
mate the size of the aggregates obtained when fluidization equilibrium
is obtained. That is to say, attainment of a balance between the local
shear force on the outer particles and the interparticle adhesion.
Chaouki et al. [17] estimated the size of a particle cluster by assuming
that the difference between the gravitation force acting on the cluster

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2019.12.008&domain=pdf
https://doi.org/10.1016/j.powtec.2019.12.008
mailto:kongxingjian@scu.edu.cn
https://doi.org/10.1016/j.powtec.2019.12.008
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/powtec


Nomenclature

Umf minimum fluidization velocity, m/s.
U superficial gas velocity, m/s.
P pressure drop cross the fluidized bed, Pa.
Fy drag force, N.
Fg apparent gravity, N.
Fva Van der Waals force, N.
Fc collision force, N.
FN vertical component force.
da agglomerate size, μm.
Hr relative height.
fa fluidization ability.
w mass percentage, %.
Ha Hamaker constant, dimensionless.
B Boltzmann constant, J/K.
T absolute temperature, K.
h Planck constant, J·s.
n0 refractive index, dimensionless.
V relative collision velocity, m/s.

Greek symbols
ε bed voidage, dimensionless.
δ distance between two departing particles,m.
υe ultraviolet adsorption frequency, s−1.
ε0 dielectric constants, dimensionless.
n0 refractive index, dimensionless.
ρa average density of the agglomerates (kg/m3).

Fig. 2. The SEM image of LiF particles.
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and its buoyancywas equal to the van derWaals forces at a single point
of contact of the particles. Morooka et al. [18] estimated the size of the
agglomerates by using the principle of energy balance. Gidaspow [19]
described the collision dynamics of two particles, and the Zhou-Li
[20,21] equation allows for an iterative calculation of the size of the ag-
glomerates in the case of purely viscous particles.

However, all of these studies ignored the estimated size of the fluid-
ized agglomerates after the addition of internal fittings that a fluidized
bed. Based on these reported literature studies, this currently reported
effort focused on improvements to the fluidization of LiF particles that
was provided by internal mixing blades. In addition, the Zhou-Li equa-
tion was modified to assist in describing the mechanism of the
Fig. 1. The curve of LiF particle-size distribution.
improvement provided by the internal blades to the fluidization of
class C viscous particles.

2. Experimental

2.1. Particles, internals and pressure acquisition

The average particle diameter of LiF used in the reported experi-
ments was 16.645 μm, the bulk density was 0.76 g/cm3, and the com-
paction density of the material was 1.16 g/cm3. When in the state of
natural accumulation, multiple particles spontaneously accumulate to
form an aggregate.

The diameter of the internal bladeswas 160mm, and their thickness
was 0.5 mm. Two, three and four blades were used in the experimental
apparatus and the torsion angle of these bladeswas varied between 50o,
55o, 60o and 65o. The experimental fluidized bed was a 2.5 dimension,
half-section bed, and the blade was an internal half-blade. Fig. 3
shows the internal blade design for 3 blades at 55o, and Fig. 4 shows
the actual installation. (See Figs. 1 and 2.)

A CY200 digital pressure sensor obtained from the Chengdu Testing
Company was used in these experiments, as shown in Fig. 5. The CY200
series digital pressure sensor uses a SOC (single chip system) chip, a
piezoresistive silicon crystal and microprocessor for data processing
and storage for filtering, amplification, A/D conversion and correction
of the pressure signal data.
Fig. 3.Blade internal. 1. distrvution plate 2. lower pressure sensor 3. blade internal 4. upper
pressure sensor 5. fluidized bed.



Fig. 5. The pressure sensor.
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Fig. 7. Fluidized pressure fall-off curve of LiF powders at 3 kg.
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Fig. 4. Installation of blade internal.
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2.2. Experimental apparatus and method of evaluation

A schematic flow diagram of the experimental, pilot fluidized bed
used in this study is shown in Fig. 6 and the specifications of the fluid-
ized bed and the range of operating variables are listed in Table 1. The
Fig. 6. Schematic illustration of the fluidized bed.
fluidized bed was fabricated from a cylindrical glass tube to enable
easy observation of the fluidization behavior of the particulate bed.

After being dried in an oven for 2 h at about 120 °C, the LiF powder
was loaded into the fluidized bed, and air was fed into the bottom of
the column using an air compressor. Flow meters were used to supply
and control the flow rate of gas, and CY200 pressure sensors were
used tomeasure the fluidization parameters. The bed height of the par-
ticleswasfixed at about 23 cmbefore the experimentswere initiated. In
addition, after each experiment reached the initial fluidization state and
remained stable for 2 min, sampling of the particle cluster was con-
ducted at the side of the bed body 20 cm above the distribution plate.
Cluster samples were taken from the bed each minute during the test
for fiveminutes and the sampledmaterialwas examined under amicro-
scope. The average particle cluster size value was calculated as themea-
sured value of the cluster size after adding the internal blades to the bed.

In addition to the traditional methods used evaluate the fluidization
quality of LiF particle bed, including the lifting pressure drop curve and
bed expansion, this study proposed a new concept termed dimension-
less fluidization, which is defined as:

fluidization ability

¼ expansion ratio
minimum fluidization velocity=particle take‐off speed

ð1Þ
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Fig. 8. Fluidized pressure fall-off curve of LiF powders with blade internal.
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Fig. 9. LiF powders fluidized photos at the speed of 0.142 m/s.
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This dimensionless fluidization capability (abbreviation for fa) can
be used to quickly compare the relative quality of fluidization of various
types of fluidized beds. The particle take-off speed is inherent to the sys-
tem and is related to its physical properties. Therefore, the numerator in
this relationship is related only to the minimum fluidization velocity.
Consequently, the smaller theminimum fluidization velocity, the larger
the adjustable space in the process. The value of the numerator is the
relative expansion ratio of the bed at theminimum fluidization velocity
of a dense phase bed system, which is directly related ti the bed void
ratio. Therefore, a good state of fluidization in the bed will produce a
larger fa value. Under fixed conditions, a high dimensionless fluidization
of the bed will produce better fluidization quality in the system.

3. Results and discussion

3.1. Comparison between free bed and internal bed

Fig. 7 and Fig. 8 represent the pressure drop curves of the LiF fine
particles fluidized in a free bed and an internal bed. As can be seen
from Fig. 7, when an internal blade is absent, the drop in the bed pres-
sure increases rapidly as the gas velocity increases and the powder re-
mains in a plunger state due to the viscosity of the particle bed. As the
gas velocity continues to increase, the pressure drop in the bed rapidly
decreases and remains low due to the presence of huge holes in the par-
ticle bed and air holes inside the bed, so that the gas short-circuits the
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Fig. 10. Fluidization ability curve of LiF with different installation height of blade internal.
entire bed and forms flow channels. A continuing increase in the air
inlet velocity causes the bed to collapse and fluidize, so that the bed is
in a transition stage of partial fluidization. As shown in Fig. 8, with the
addition of an internal blade, there is a larger pressure drop across a
layer of the bed at the same gas velocity as when the bed layer has no
blade, and the obstruction caused by the blade is one of the reasons
for this increase in pressure drop. In addition, under the same gas veloc-
ity conditions, the addition of internal blades improves the fluidization
of the whole bed, and the partial fluidization stage of the fluidized bed
is obviously less than that of the free bed, the channel flow area is re-
duced, and the bed pressure drop is increased. At the same time, the ad-
dition of internal blades also disrupts the agglomeration of the viscous
LiF particles.The experimental photos are shown in Fig. 9 and data are
list in the attached table.

free fluidized bed fluidized bed with blade internal.

3.2. Effect of mounting height of internal blades on bed fluidization

Fig. 10 shows fluidization curves that are produced by mount-
ing the blades at various heights in the bed. It can be clearly
seen from the results shown in this figure that an increase in the
height of the blade resulted in increased bed fluidization that
could be expressed as a quadratic function. There was a maximum
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Fig. 12. Expansion rate curve of LiF with different installation height of blade internal.
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Fig. 15. Mechanism of particle agglomeration.
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value of fluidization at an installation height of 15 cm (the relative
height Hr is the ratio of the absolute installation height to the
static bed height), so that the LiF particle fluidization was best at
this blade installation height. Channel flow easily occurs in the flu-
idization of C particles, because of uneven pressure drops in the
bed and the easy agglomeration of these particles. When the
height of installation was too low (10 cm), the effective area of
the internal blades was too small, which precluded the crushing
of the cluster and the redistribution of pressure drop across the
distribution plate. When the installation height exceeded the opti-
mum installation value, the channel flow was stable, and the effect
of the internal blade on the redistribution of pressure drop at the
distribution plate was significantly reduced. Consequently, it was
concluded that the internal component did not disrupt the chan-
nel flow to cause either breakage of the particle agglomerates or
produce clustering. Therefore, 15 cm was chosen as the optimum
installation height for internal blades in the 3 kg LiF fluidization
bed experiments. In the following sections, the internal blades
were all installed at 15 cm in the test beds. The fluidization
capacity was consistent with the minimum fluidization velocity
(Fig. 11) and the bed expansion rate (Fig. 12), so the
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Fig. 14. Fluidization ability curve of LiF with different blade internal.
dimensionless fluidization ability, fa was used to evaluate fluidiza-
tion quality in the various systems.
3.3. Effect of the torsion angle of the internal blade on bed fluidization

Fig. 13 shows the effect of the torsion angle of internal blades on the
bed fluidization. As shown, as the torsion anglewas increased, the fluid-
ization capacity continued to increase. When the torsion angle was
small, the internal blades hindered the overall circulation of the LiF par-
ticles inside the bed, so they easily formed a dead zone in the upper por-
tion of the bed. As the blade torsion angle was increased, the transverse
component of the gas on the blade assisted with particle stirring and
secondary gas distribution, while the longitudinal component of the
gas played the role of crushing the particle aggregates, both of which
improved the fluidization characteristics of the fluidized bed. When
the blade anglewas changesd from55o to 60o, thefluidization ability in-
creased by the largest margin, whichwas the optimum operational per-
formance of the internal blade. If the angle was increased to 65o, the
fluidization ability improved, but this increase was significantly less
and the channel flow and the slug section increased slightly. Therefore,
the optimum angle for the internal blade was concluded to be 60o.
Fig. 16. The force model of agglomeration.



Fig. 17. Microscopic image of agglomeration.

Fig. 19. Collision probability of different blade internals.
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3.4. Effect of the internal blade on the fluidization of LiF

Fig. 14 shows thefluidization ability curve for the various types of in-
ternal blades. It can be clearly seen from this figure that at fixed blade
conditions, the fluidization ability of the internal multi-plate blade
was significantly better than the internal single-plate blade. In addition
and regardless of being a single plate or amulti-plate blade, the three in-
ternal blades provided the best fluidization. A small number of blades
will reduce the transverse area that affects the channel flow, while an
excessive number of blades would approximate a solid horizontal bed
component, which would impede vertical movement of the particles.
This would reduce the total circulation capacity of the fluidized bed in
the longitudinal direction, and cause the formation of secondary aggre-
gates in the upper portion of the bed.

In the blade characterization experiments, the minimum fluidized
gas velocity for single plates with 2, 3 and 4 blades was 0.142 m/s,
0.135 m/s, and 0.155 m/s. The minimum fluidized gas velocity for mul-
tiple plates with 2, 3 and 4 blades was 0.135 m/s, 0.125 m/s, and
0.13 m/s. Interestingly, although the minimum gas velocity was the
same at 0.135 m/s, the fluidization abilities of the single-plate 3-blade
and multi-plate 2-blade were quite different. This was because under
the identical fluidization conditions, the multi-plate configuration in-
creased the fluidization in the middle area of the blade, which further
established a uniform distribution of the bed pressure drop, thereby re-
ducing the probability of gas channeling. At this time, the expansion rate
of themulti-plate bedwas also higher than the single plate bed, so rely-
ing on the either the minimum fluidization velocity or bed expansion
rate criteria to determine quality of bed fluidization will not accurately
explain the differences between the single and multi-plate fluidization
qualities. However, combining these two parameters with the
Fig. 18. Effect of balde internal on the LiF agglomerate.
dimensionless fluidization ability can correctly establish the real quality
of fluidization of a bed.

4. Theoretical analysis, results and discussion

Channel flowoccurs easily in C-type particle fluidization beds.When
internal blades are added to the bed, a pressure drop redistribution at
the distributor plate was achieved, together with the disruption of par-
ticle aggregates. Themechanism of agglomeration of viscous particles is
shown in Fig. 15. As a result of the fluid drag force and collisions be-
tweenparticles, a single particle or agglomerates of viscous particles ini-
tial adhere together to form chains of particles of different lengths.
These particle chains are then connected and wound together over
time to form a dendritic aggregate of particles and clusters of these den-
dritic particles then form into aggregates of the dendritic particles. Fine
particles adhere to the surface of the clusters to form new chains of par-
ticles. Meanwhile, some chains on the surface of the cluster break off
and are carried away by the air stream in the bed. The particle chain is
constantly recombined and the clusters gradually grow. When particle
adhesion and desorption on the surface of the cluster attain a dynamic
balance, the cluster becomes stable and the size of the cluster is con-
stant. Fluidization of the bed is achieved with a larger cluster. When in-
ternal blades are added to the bed, large aggregates collide with blades
as a result of flowing gas, producing particle fragmentation and fluidiza-
tion of smaller aggregates.

Based on this analysis of the mechanism of agglomerate formation,
the vertical component of the force of internal bladewas used tomodify
Fig. 20. Expansion rates of different blade internals at the initial fluidization.



Table 1
Technical description of the pilot fluidized bed and operating variables.

Parameter Value

Column height 2000 mm
Column internal diameter 200 mm
Range of rotor flowmeter 0–15 m3.h−1

Prosity of distribution plates 1.5%
Air flow rate 0–15 m3.h−1

823C. Hu et al. / Powder Technology 362 (2020) 817–825
the original Zhou-Li force balance model [21], from which the particle
agglomeration diameter was estimated. Assuming that the probability
of collisions between two agglomerates is the highest in the agglomer-
ate fluidized bed, the modified Zhou-Li force balance model is mainly
concerned with the collision between two agglomerates.

When the internal blade is added, the force on the agglomerate
marked as #1 in this Fig. 16 was analyzed using the Zhou-Li model at
the moment of the collision between the blade and the agglomerate
[22–25]. As shown in Fig. 16, agglomerate #1 is simultaneously sub-
jected to five forces in the vertical direction, which are the drag force
Fy of fluid on agglomerate #1, the collision force Fc of agglomerate #2
on agglomerate #1, the cohesive force Fva of agglomerate #2 on agglom-
erate #1, the difference between the gravitation force and the buoyancy
of agglomerate #1 (apparent gravity) and the vertical force component
FN of the blade component on the agglomerates. If the upward direction
is positive, the resultant force y of the vertical direction of the agglomer-
ate 1 can be expressed by:

y ¼ FY þ Fc−Fva−Fg−FN ð2Þ

when y N 0, agglomerate #1 may be crushed or it may accelerate up-
wards; when y b 0, agglomerate #1 may aggregate with agglomerate
#2 or it may generate a downward acceleration, or be crushed. When
y = 0, agglomerate #1 is neither crushed nor aggregated with agglom-
erate #2, and the whole system is in dynamic equilibrium. Assuming
that under ideal conditions, without considering the air resistance, clus-
ter #1 will move vertically upward from the bottom of the bed at the
initial velocity of the apparent gas velocity, and according to the law
of impulse, the vertical force acting on the cluster when it contacts the
internal blade will be:

FN ¼ π
12

ρaUgd
3
a ð3Þ

According to the Derjaguin approximation theory and Israelachvili's
theory of the force betweenmolecules and surfaces, van derWaals force
between two agglomerates was expressed as:

Fva ≈
Ha

12δ2
da1da2

da1 þ da2
ð4Þ

where Ha is the Hamaker constant, da1 and da2 the mean particle diam-
eter of clusters 1 and 2, respectively, and δ the distance between two
departing particles. Assuming that the fluidized bed was homogeneous
and the agglomerate size also homogeneous, Eq. (4) was simplified to

Fva ≈
Hada1
24δ2

ð5Þ

Ha was then calculated by the following equation:

Ha ¼ 0:75BT
ε1−ε0
ε1 þ ε0

� �2

þ 3hυe

16
ffiffiffi
2

p
N2

1−n2
0

� �2
N2

1 þ n2
0

� �3�
2

ð6Þ

where B is the Boltzmann constant (B=1.381 × 10−23 J/K), T the abso-
lute temperature, h Planck's constant (h = 6.626 × 10−34 J·s), υe the
ultraviolet (UV) adsorption frequency, typically at ~3.0 × 1015s−1,
and ε0 and n0 the dielectric constant and refractive index, respectively,
(ε0 = 1, n0 = 1). Assuming two agglomerates collide in one direction,
the agglomerates were considered to be elastic bodies and the relative
collision velocity between the two agglomerates represented by V.
Using Timoshenko and Goodier's theory of elasticity, the displacement
of maximum compression a was.

α ¼ 5
4

V2

n1n2

 !2�
5

ð7Þ

when n1 and n2 are given respectively:

n1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8

9π2 k1 þ k2ð Þ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

da1da2
da1 þ da2

s
ð8Þ

n2 ¼ m1 þm2

m1m2
ð9Þ

wherem1 andm2 are themass of agglomerates 1 and2, respectively. Be-
cause the properties of these agglomerates were the same, k1 = k2 = k,
which yields:

α ¼ 5V2π2kρad
3
a1d

3
a2

8 d3a1 þ d3a2
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
da1 þ da2
2da1da2

s2
4

3
5
2�

5

ð10Þ

when k was a function of Poisson's ratio v and modulus of elasticity E:

k ¼ 1−υ2

πE
ð11Þ

Therefore, the collision force between agglomerates 1 and 2 was:

Fc ¼ 0:2516
πV6ρ3

a

k2
d10a1
8

 !" #1�
5

ð12Þ

Because the movement of particles or agglomerates in a fluidized
bed involved turbulent flow, the formulation of a kinetic or drag force
might be given by Eq. (10):

Fy ¼ 0:055πρ f d
2
a1U

2
gε

−4:8 ð13Þ

where ρ is the fluid density, u the superficial gas velocity, and ε the bed
voidage.

For agglomerate 1, the difference between the gravitational force
and buoyancy acting on it was:

Fg ¼ π
6

ρa−ρ f

� �
d3a1g ð14Þ

If the resultant force in the vertical direction is zero and the diame-
ters of agglomerate #1 and agglomerate #2 are equal to da, themodified
force balance equation can be expressed as Eq. (15):

ρa−ρ fð Þg þ 1
2
ρaUg

� 	
d2a− 0:33ρ fU

2
gε−4:8 þ 0:996

π
πV8ρa

2

k2

 !1
3

2
664

3
775da

þ A
4πz20

¼ 0

ð15Þ



Table 2
The agglomeration size of LiF with blade internal.

Single internal Multi internal

blade number dac1(μm) dac2(μm) dam(μm) dac1(μm) dac2(μm) dam(μm)

2-blades 679 692 621 635 653 573
3-blades 664 685 613 588 624 536
4-blades 707 721 647 640 661 602
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ρa−ρ fð Þgd2a− 0:33ρ fU
2
gε−4:8 þ 0:996

π
πV8ρa

2

k2

 !1
3

2
664

3
775da

þ A
4πz20

¼ 0 ð16Þ

The original Zhou-Li equation is Eq. (16). Table 2 shows a compari-
son between the calculated values of the agglomerate model equations
(dac 2 and dac 1) and the experimental values (dam). Microscopic
image of agglomeration was shown in Fig. 17. As shown, dac 2 was ob-
tained from the original Zhou-Li equation and dac 1 is the correction
value for the modified Zhou-Li equation.

It can be seen from the results listed in Table 2 that the calculated
values from the modified Zhou-Li equation were better than those ob-
tained from the unmodified Zhou-Li equation, so that the modified
equation appeared to offer a better of the size of LiF agglomerates.

Fig. 18 depicts how the blade crushes the LiF agglomerate. It can be
seen in this figure that the fluidized bed is divided into three zones
which include, the distributor influence zone, the fragmentation zone
and the stagnation zone. The gas enters the bed through the distribution
platewhichdrives theparticlefluidization. The areaaffectedby thedistri-
bution plate is the areawhere the particlemovement is controlled by the
action of the gas being emitted by the hole in the distribution plate. The
fluidization effect is directly related to the distribution effect of the distri-
butionplate.The fragmentationzoneis locatedbetweendistributionplate
and internal blade component, where the agglomerates collide to form
fragments after impacting thewith blade that are rotated by the gas. The
stagnation zone is located above the blade component, where the parti-
cles reaggregate to form clusters.

To some extent, the fragmentation of the aggregates can be posi-
tively correlated with the collision probability between the aggregates
and the blades. The ratio of the projected area of the blades in the verti-
cal direction to the cross-sectional area of the bed is defined as the gen-
eralized collision probability C. The generalized collision probability of
various internal blades is shown in Fig. 19. Theoretically, a larger num-
ber of bladeswill produce a greater collision probability between the ag-
gregates and the blades, which will improve the fragmentation of the
particulate aggregates. It is easier to fluidize the bed into smaller aggre-
gates with the entrapment of gases. The fluidization quality should be
positively correlated to the collision probability C, but this was not
what the experimental results showed.

Fig. 20 shows the expansion rates of the various internal blade combi-
nationsat the initiationofbedfluidization.Thebedexpansionratedirectly
affects the gas-solid drag and the solid-solid viscous force. To ensure the
fluidization of viscous particles, the biggest obstacle is uneven gas distri-
bution and gas short circuiting in the entirety of the bed. The bed
expansion rate is directly related to the gas distribution effect. Higher
bed expansion rates will produce smaller cohesive forces between the
solids, whichwill increase the fluidization of the viscous particles.

The addition of blades to the fluidized bedwill improve the bed's ex-
pansion rate, while the blade itself will hinder the overall circulation of
the bed. Therefore, addition of a single blade components to a bed pro-
duces a a contradictory relationship, and the extreme value for this con-
tradiction appears in the accompanying figure. The multi blade
configuration is used to increase the component influence zone, and
the fluidization effect is also significantly better than with the single
blade, but the contradictory relationship with this configuration is also
present. When a two blade component is used, the particle circulation
throughout the entire bed is improved, the bed voidage is largely the
same, but the crushing capacity is poor. When 4 the blades are used it
was found that too many blades hindered the particle circulation of
the fluidized bed and split the bed into two circulation regions. The
crushing effecting the bottom region was quite evident, but particle cir-
culation in the upper area of the bed decreased and the particle re-
agglomeration occurred. Therefore, the 3 blade configuration takes
into account the overall circulation of the bed and the crushing capacity
of the fluidized bed and produced the optimum fluidization effect.

5. Conclusions

The fluidization quality of LiF particles in a fluidized bed can be im-
proved by the addition of internal mixing blades. The fluidization of
the system is significantly affected by the installation height, torsion
angle and the number of internal blades. When the installation height
was 15 cm, the torsion angle was 60° and three blades were used, the
best fluidization results were obtained. It was also found that a multi-
blade system was better than a single-plate blade.

The internal blade increased the fractureofparticle aggregates, aswell
as the voidage of the bed. Amodified Zhou-Li equationwas developed to
take intoaccount thevertical forcecomponentof thebladeontheagglom-
erates and themodified equationwas found to offer a better prediction of
the size of the agglomerates after the internal bladewas added.

With the increase in the number of blades, the probability of particle
collisions increased linearly. In addition, the vertical component of the
gas velocity decreased, and too many blades were found to hinder the
overall circulation of the fluidized bed, splitting the bed into two parts.
In the bottom section of the divided bed good agglomerate fracture
was observed, while in the upper section of the bed the particle flow
dead zone area increased, and the particles re-agglomerated. Therefore,
addition of the 3 blades to the bed simultaneously solves the overall cir-
culation and agglomerate breaking problems of the fluidized bed, offer-
ing the best solution to these problems.
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Appendix A. Appendix
The experimental data of LiF with blade internal
Umf, m/s
0
0
0
0

ε (bed voidage, h0 = 22 cm)
Installation height
(60o,3-blades)
Torsion angle
(15 cm)
Single plate,
(15 cm,60o)
Multi plate,
(15 cm,60o)
Installation height
(60o,3-blades)
Torsion angle
(15 cm)
Single plate,
(15 cm,60o)
Multi plate,
(15 cm,60o)
.181 (10 cm)
 0.172 (50o,3-blades)
 0.142 (2-blades)
 0.135 (2-blades)
 0.34 (10 cm)
 0.33 (50o,3-blades)
 0.58 (2-blades)
 0.61 (2-blades)
.158 (13 cm)
 0.163 (55o,3-blades)
 0.135 (3-blades)
 0.125 (3-blades)
 0.42 (13 cm)
 0.35 (55o,3-blades)
 0.63 (3-blades)
 0.65 (3-blades)
.133 (15 cm)
 0.135 (60o,3-blades)
 0.155 (4-blades)
 0.130 (4-blades)
 0.55 (15 cm)
 0.47 (60o,3-blades)
 0.55 (4-blades)
 0.57 (4-blades)
.148 (17 cm)
 0.133 (65o,3-blades)
 0.43 (17 cm)
 0.55 (65o,3-blades)
.176 (20 cm)
 0.32 (20 cm)
0
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