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For non-catalytic gas-solid reaction, it is desirable to match the mean residence time (MRT) of particles and
complete conversion time (t.) in a fluidized bed. In this study, the MRT differences (MRT ratios) between the
coarse particles and the fine particles were investigated in a continuous fluidized bed with a side exit by varying
the superficial gas velocity, feed composition and particle size ratio. The results show that the MRT ratio increases
firstly and then decreases with increasing the gas velocity. By controlling the gas velocity and the feed composi-
tion of coarse particles, the MRT ratio can be modulated from 1.8 to 10.5 at the gas velocity of 1.0 m-s~ for
the binary mixture with the size ratio of 2.2. The MRT ratio can reach to ~12 at the gas velocity of 1.2 m-s™!
for the particle size ratio of 3.3. The present study has endeavored to obtain fundamental data for an effective
plant operation to meet the need of synchronously complete conversion of particles with different sizes during
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the film diffusion controlling reaction.

© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Fluidized bed reactors are widely used to treat gas-solid heteroge-
neous reactions, such as coal combustion [1], roasting of ilmenite [2]
and direct reduction of iron ores [3-5]. In these processes, the feed
materials usually have a wide size distribution (WSD). For example,
most of raw mineral powders after the conventional grinding treatment
have a wide range of particle size, from 10 um to 500 pm [2,5]. Due to
the fact that the reaction performance and the complete reaction
times of the solid particles are closely related to their diameters, differ-
ent residence times are needed for the solid particles with different size
distributions. Therefore, the mean residence time (MRT) of particles is
one of the key parameters affecting the conversion efficiency.

In theory, the complete reaction time (t.) of a particle varies with
its particle diameter (d,). For example, t. is proportional to the value
of d, under a first-order chemical reaction controlling mechanism, and
is proportional to the value of d3 under a film diffusion controlling
mechanism [6]. If the MRT ratio could be modulated to a proper range
to fulfill the film diffusion controlling reaction mechanism and also
the MRT of fine particles reaches t, the synchronous conversion of the

% Supported by the China National Funds for Distinguished Young Scientists
(21325628), National Natural Science Foundation of China (91334108) and the State
Key Laboratory of Multiphase Complex Systems, Institute of Process Engineering,
Chinese Academy of Sciences (MPCS-2012-A-02 and MPCS-2014-A-03).

* Corresponding authors.

E-mail addresses: junli@ipe.ac.cn (J. Li), gszhu@ipe.ac.cn (Q. Zhu).

http://dx.doi.org/10.1016/j.cjche.2017.06.018

whole particles with WSD would be achieved. Therefore, it is crucial
to study the MRT difference of the particles with different size distribu-
tions to match the theoretical conversion time and further improve the
overall conversion efficiency.

The residence times of the particles with different sizes have been
investigated for the past several decades. Most of the previous studies
focused on the residence time distribution of the particles with narrow
size distribution (NSD) [7-16], while little attentions were paid to
investigating the residence time difference for the particles with WSD.
Yagi and Kunii [17] found that the MRT of the particles with different
sizes showed nearly no difference for the fine particles and the coarse
particles at the low gas velocity (0.15-0.35 m-s~ ). Heukelman and
Groot [18] found that the MRT ratio between the coarse particles
(1000 pm) and the fine particles (500 pm) in a roaster is about 1.4.
It is reported [19] that the MRT ratio between the coarse component
(>800 um) and the fine component (<420 um) was lower than 2 at
the gas velocity (Uy) less than 0.8 m-s™ . Hao et al. [20] further investi-
gated the MRT of ilmenite particles with WSD in a fluidized bed with
baffles. The MRT ratio between the coarse particles (approximately
700 pm) and the fine particles (180 pm) was 5. Zhang et al. [21] found
that the MRT ratio of the coarse particles and the fine particles can
reach 5.5 with a size ratio (&) of 4 in a fluidized bed with four-layer
baffles. The MRT ratios up to the present can reach the value of « for
the requirement of chemical reaction controlling mechanism. However,
they are less than the value of o for the requirement of film diffusion
controlling mechanism. Therefore, the MRT ratios between the coarse
particles and the fine particles are not enough to match with the mech-
anism of the film diffusion controlling non-catalytic gas-solid reactions
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in practice, such as roasting of ilmenite and direct reduction of iron ore
processes.

The MRT of solids in a fluidized bed could be modulated through the
design of reactor, change of solid flow rate and gas velocity [22]. Among
those methods, the control of gas velocity shows outstanding advan-
tage, such as easy to operate and low cost. Therefore, in this study, a
simple method for modulating the MRT difference of the fine particles
and the coarse particles was proposed only by controlling the fluidized
gas velocity in a fluidized bed with a side exit. The MRT characteristics of
four binary mixtures of solid particles and two uniformly sized solid
particles with same density but different size distributions were inves-
tigated under the gas velocity with a wide range. This work aims to
develop a method to modulate the MRT ratio of different particles
with WSD for the typical non-catalytic gas-solid reactions, such as
ilmenite roasting and direct reduction of iron ores.

2. Experimental
2.1. Materials

In this study, three types of spherical glass bead powders (particles
Fine, Medium and Coarse) with the same density but different size
distributions are employed. Table 1 shows the physical properties of
particles Fine, Medium and Coarse. Fig. 1 illustrates the size distribution
of particles Fine, Medium and Coarse. The morphologies of particles
Fine, Medium and Coarse are shown in Fig. 2. It can be seen that the
shape of the glass beads is nearly sphere.

Table 1
Physical properties of particles
Type of particles Fine Medium Coarse
Sieve diameter/pm 47-120 146-234 193-355
Sauter mean diameter, dp/um 89.5 193.5 294.5
Particle density, p/kg-m—3 2591 2591 2591
Minimum fluidization velocity, Up¢/m-s~!'  0.0083 0.018 0.1097
Terminal velocity, Uy/m-s™! 0.35-0.54 1.08-1.22 1.19-2.35
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Fig. 1. Size distributions of particles Fine, Medium and Coarse. —— particle Fine;
— — - particle Medium; sweeee particle Coarse.

As listed in Table 2, four types of mixtures (mixtures I, II, III, IV) and
two particles with NSD are employed by mixing two of the three types
of powders with different ratios. The fluidizing gas is dry compressed
air. The air flux was measured by a calibrated rotameter.

2.2. Experimental setup and methods
As shown in Fig. 3, the experimental apparatus is a fluidized column

with a side exit. The column is made of Perspex with an inner diameter
of 70 mm and a height of 5580 mm from the distributor to the gas exit.
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Fig. 2. SEM images of the typical glass beads: (a) particle Fine, (b) particle Medium,
(c) particle Coarse.

Table 2
Details of the size ratio

Number of  Type of Size ratio of the coarse Mass fraction of coarse
Mixture mixture and fine particles (o) particles in feed (Xo)

1 Medium/Fine 2.2 0.25

11 Medium/Fine 2.2 0.50

11 Medium/Fine 2.2 0.75

v Coarse/Fine 33 0.50

\% Fine - 0

VI Medium - 1

Seven air caps, which can prevent the particles from flowing into the
distributor plate, are set in the gas distributor at the bottom of the
riser. A screw feeder is used to feed the binary mixtures, which controls
the solid flow rate from the hopper to the column. The feed inlet
position is located 20 mm above the distributor plate in the fluidized
column. The side exit is situated at a height of 1500 mm above the gas
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Fig. 3. Schematic diagram of the fluidized bed: (1) compressor, (2) moisture separator,
(3) pressure regulator, (4) rotameter, (5) plenum chamber, (6) wind cap, (7) fluidized
bed column, (8) side exit, (9) feed hopper, (10) screw feed, (11) first cyclone separator,
(12) second cyclone separator, (13) collection tank of top product, (14) collection tank
of bottom product.

distributor. The ratio of height to diameter is 21. Because the products
need to be cut off from the air in practice, three loop seals are set to
prevent the gas flowing out through the side exit. All the gas flow out
through the top exit and the cyclones.

Glass bead particles coming from the side exit, where the solid flux is
defined as F,, fall into the bottom collection tank. Two cyclone separa-
tors are used to separate the gas and the particles. Entrained particles
leaving the disengagement section, whose solid flux is defined as Fj,
are captured by the cyclone and drop into the top collection tank. The
electrostatic charges generated among the particles are eliminated by
connecting the column to the earth using a copper wire.

The powder mixtures are introduced from the hopper into the
bed through a screw feeder with the solid mass flow rate (Gs) of
25 kg-h™'. The superficial gas velocity ranges from 0.5 m-s~ ' to
1.8 m-s~ L. The system remains in the steady state (F; + F, = Fy)
followed by a sudden stop of the gas and solids. The particles in the flu-
idized bed are collected and then sieved to segregate the fine particles
from the coarse particles. The samples collected from the side exit (F;)
and the top exit (F,) are also sieved and the weights of fine particles
and coarse particles are measured by the electronic scales. All the exper-
iments are carried out three times.

The MRT of particle i (i represents Fine, Medium or Coarse) can be
calculated as follows [22]:

Wi
= 1
"R+ Fy M
where, W; represents the holdup of particle i (particles Fine, Medium
and Coarse), F;; represents the entrainment flux of particle i (particles
Fine, Medium and Coarse), and F,; represents the overflow flux of
particle i (particles Fine, Medium and Coarse).

The MRT difference between the fine particles and the coarse
particles can be characterized by the MRT ratio (M), which is defined
as follows:

M= )

r—rl‘ |
m o0

where, ¢ represents the MRT of coarse particles (particles Medium and
Coarse), tr represents the MRT of fine particles.

The elutriation rate (Kg) and the entrainment rate (K¢) [6] are
defined as follows:

Fi-XiF
Kg = 3
P A X 3
Fp-Xim
K = -1 4
€= A Xy 4)

where, K represents the elutriation rate of the particle Fine. K¢
represents the entrainment rate of the particle Medium or Coarse. X;r
represents the concentration of the particle Fine in entrainment. Xyr
represents the concentration of the particle Fine in bed. X;y, represents
the concentration of the particle Medium in entrainment. Xy repre-
sents the concentration of the particle Medium in bed. A; represents
the cross-sectional area of bed surface.

3. Results and Discussion
3.1. Effect of gas velocity on the MRT ratio

Fig. 4(a) shows the MRT ratio between the particle Medium and the
particle Fine in mixture II at different gas velocities. It can be observed

that the MRT ratio firstly increases to about 9 and then decreases to
1.8 with increasing the gas velocity. The transition velocity appears at
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Fig. 4. Effect of the gas velocity on the MRT ratio and MRT of mixture II: (a) MRT ratio,

(b) MRT of particle Fine and particle Medium. —— MRT ratio; - - - particle Fine;
—— particle Medium.
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the gas velocity of approximately 1.0 m-s~ . This can be attributed to
the difference of terminal velocities between the particle Fine and
the particle Medium.

When the gas velocity is lower than 1.0 m-s~, the particles are
ejected or entrained by bubble breakup in the dilution region [23].
According to Fig. 4(b), the MRT of the particle Fine decreases signifi-
cantly with increasing the gas velocity, while the MRT of the particle
Medium decreases much slower than that of the particle Fine, resulting
in an increase of the MRT ratio. This can be attributed to the velocity dif-
ference of the Fine and Medium particles in the dilute region. Due to the
wake momentum of the bubble bursting, the velocity of the particle
Fine is higher than that of the particle Medium [23,24]. Thus, more
fines of the ejected particles are discharged from the side exit [21].
Therefore, the entrainment probabilities of the particle Fine are higher
than that of the particle Medium [21,23,25], leading to more particle
Medium staying in the fluidized bed.

When the superficial gas velocity exceeds 1.0 m-s™ !, with a further
superficial gas velocity increase, the MRT of the particle Fine changes
little and maintains at 6-20 s, which agrees well with the results in lit-
eratures [26,27]. However, the MRT of the particle Medium decreases
significantly with a further increase of superficial gas velocity, which
leads to a decrease of MRT ratio with an increasing gas velocity at high
gas velocity. It should be noted that the turning point of the gas velocity
is according to the terminal velocity of the particle Medium. It was
reported [28,29] that the holdup of particles has a sharp decrease
when the superficial gas velocities exceed the terminal velocity of the
particles (U,). The holdup of the particles is proportional to the MRT of
particles for mixture Il due to the same solid flux of the particle Medium
and the particle Fine. Therefore, the MRT ratio decreases with increasing
gas velocity at high gas velocity.

The effect of the gas velocity on the MRT of the particles with different
size distributions has been investigated [16,19-21)]. However, the oper-
ating gas velocity generally ranges in low velocity (bubbling fluidization)
and the MRT ratio ranges from 1.3 to 2 for the size ratio of 1.9-4 in a
fluidized bed, which is not sufficiently large to meet the requirements
for the synchronous conversion of the particles with WSD under a film
diffusion controlling mechanism. In this work, we demonstrated that
the MRT ratio could be extended up to ~9 for a size ratio of 2.2 through
fluidized bed reactors, which could better meet the requirements for
the synchronous conversion of the particles with WSD.

3.2. Effect of feed composition on the MRT ratio

Three different mixtures with the mass fraction of the particles
Medium of 0.25 (mixture I), 0.50 (mixture II) and 0.75 (mixture III)
were used to reveal the effect of feed composition on the MRT ratio.
As shown in Fig. 5, the MRT ratio increases with increasing the mass

MRT ratio

0.4 0.6 0.8 1.0 1.2 1.4

Gas velocity/m-s™

Fig. 5. Effect of the particle Medium feed concentration on the MRT ratios. Xo=

0.25; Xo = 0.50; Xo=10.75.

fraction of the particles Medium (Xp) at a certain superficial gas velocity.
Near the transition velocity, the MRT ratio increases from 7.2 to 10.5
with increasing the mass fraction of the particles Medium. This phe-
nomenon can also be attributed to the variation of the MRT for the par-
ticles Fine and Medium.

Fig. 6 illustrates the effect of feed composition on the MRT of the
particles Medium and Fine. It can be seen that the MRT of the particle
Medium increases with increasing X at the same gas velocity, while
the MRT of the particle Fine changes little. Because the gas velocity
exceeds the terminal velocity of the particle Fine, the elutriation of the
particle Fine changes little with increasing X, [26,31,32] at the gas veloc-
ity of 1.0-1.25 m-s~ ! This trend can also be seen from Fig. 7(a). There-
fore, the MRT of the particle Fine is rarely affected by Xj.
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Fig. 6. Effect of the mass fraction of the coarse particles in feed on the MRT of particles:

(a) particle Medium, (b) particle Fine. Xo = 0.25, particle Medium; Xo=
0.50, particle Medium; Xo = 0.75, particle Medium; —— Xy = 1.00, particle
Medium; - - - Xo = 0.25, particle Fine; - - - Xo = 0.50, particle Fine; - - - Xo =

0.75, particle Fine; — - - Xo = 0.00, particle Fine.

Fig. 6(a) also illustrates that the MRT of the particle Medium with
NSD is bigger than that of the particle Medium with WSD. This should
be attributed to the effect of the particle Fine on the MRT of the particle
Medium. The particle Medium is considered to receive the momentum
from the particle Fine and the gas [30]. The momentum of the particle
Medium receiving from the particle Fine increases with increasing the
fraction of the particle Fine at the same gas velocity, resulting in an
increase in the entrainment probabilities of the particle Medium [30].
Therefore, the MRT of the particle Medium decreases with increasing
the mass fraction of the particle Fine.

Moreover, it can be seen from Fig. 6(a) that the MRT of the particle
Medium decreases fast with increasing the gas velocity to the terminal
velocity at Xo = 0.25. Because the elutriation rate of the particle Fine
increases at higher concentration of particle Fine for higher Ug/U; [31],
which can be confirmed by the elutriation rate presented in Fig. 7(a).
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With the increase of the gas velocity over Ui, the proportion of the
particle Fine decreases fast. Therefore, the effect of the particle Fine on
the elutriation of coarse particles is stronger at higher mass fraction of
the particle Fine [30], which leads to a decrease in the MRT of the coarse
particles.

Fig. 7(a) shows the changes in the elutriation rate of the particle
Fine. The elutriation of the particle Fine is not affected by the size distri-
bution of bed particles at the gas velocity of 1.01-1.26 m-s™ .
Fig. 7(b) shows the changes in the entrainment rate of the particle
Medium. It seems to mean that the effect of the particle Fine on the
elutriation of the particle Medium increases with increasing the mass
fraction of the particle Fine in the fluidized bed. These results agree
well with those of Choi et al. [31] and Geldart and Pope [33].

The effect of the feed composition on the MRT ratio has not been
reported previously. However, the present study shows that X, has a
great influence on the MRT ratio between the particle Medium and
the particle Fine. The maximum values of the MRT ratio reaches 7.2,
8.9 and 10.5 for the mixtures with Xy 0f 0.25, 0.50 and 0.75, respectively.
Therefore, it can be concluded that increasing X, will increase the MRT
ratio to 10.5 for various mixtures.

3.3. Effect of particle size ratio on the MRT ratio

The particle size ratio may also have a significant effect on the MRT
difference between the fine and coarse particles. Two different size ratios
of 2.2 (mixture II) and 3.3 (mixture IV) were tested in this work. The
particle Fine used in the two mixtures has the same sized distribution.

Fig. 8 shows the effect of the particle size ratio on the MRT ratio. It
can be observed that the peak value of the MRT ratio with the size
ratio of 3.3 is higher than that with the size ratio of 2.2. The transition

MRT ratio
o

0 T T T T T T T
04 06 08 10 12 14 16 1.8

Gas velocity/m-s™
Fig. 8. Effect of the size ratio on the MRT ratios. —— Mixture IV; —— Mixture IL

velocity of the MRT ratio (Uro) appears at a gas velocity of 1.0 m-s~!

and 1.2 m-s~ ! for the mixtures with the size ratio of 2.2 and 3.3, respec-
tively. The transition velocity moves to a higher gas velocity with the
increase of size ratio, which agrees with the terminal velocity of the
larger particle, as shown in Table 1.

Fig. 9(a) illustrates the MRT of the particle Medium and particle
Coarse. Fig. 9(b) shows the MRTs of the particle Fine in mixtures II
and IV. It can be observed that the MRT of the coarse particle with differ-
ent size ratios exhibits the same downward trend. However, the MRT of
coarse particles sharply decreases at 1.0 m-s~! for mixture II, and at
1.2 m-s~! for mixture IV. The difference is caused by the elutriation
rate of particles, which increases sharply when the gas velocity exceeds
their terminal velocity [28,29].
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Considering the same distribution of the particle Fine in mixture II
and mixture IV, the variations of the MRT of the particle Fine have the
same trend, as shown in Fig. 9(b). However, the MRT of the particle
Fine in mixture Il is smaller than that in mixture IV. It can be attributed
to the momentum of the particle Fine receiving from the gas [30]. With
the increase of the size ratio, the particle Coarse has a large holdup than
that of the particle Medium at the same gas velocity, which means that
the particle Coarse occupies more volume than that of the particle
Medium. Correspondingly, the momentum of the particle Coarse receiv-
ing from the gas is larger than that of the particle Medium at the same
gas velocity. Due to the fix value of the momentum passed from the
gas, the momentum of the particle Fine receiving from the gas is less
in mixture IV. Therefore, the MRT of the particle Fine in mixture II is
smaller than that in mixture IV.

Generally, the size ratio for the fine particles and the coarse particles
in the mixtures with WSD can be more than 4 during the roasting of
ilmenite powders [9,19] and direct reduction of iron ore. The synchro-
nous conversion of such mixtures with WSD would require a theoretical
MRT ratio of 4 and 16 under the chemical reaction and the film diffusion
controlling mechanism, respectively. Our previous study [20,21]
achieved a MRT ratio of 5 and 5.5 for the mixtures with the size ratio
of 3.8 and 4, respectively, which cannot meet the requirements for
the synchronous conversion under the film diffusion controlling mech-
anism. In this study, the MRT ratios were modulated up to 8.9 and 12 for
the mixtures with the size ratio of 2.2 and 3.3, respectively. These ratios
can meet the requirements for the synchronous conversion under
the diffusion controlling mechanism as well as the chemical reaction
controlling mechanism. These results can be applied in the roasting of
ilmenite powders and the direct reduction of iron ore.

However, there are still some limitations for the application of these
results since the influences of the particle shape and the height of the
side exit were not considered. It is reported that the shape of particles
can affect the entrainment rate [34], drag coefficient and terminal veloc-
ity (Up) [35], which may influence the MRT of particles. Thus, the values
of MRT and MRT ratio for non-spherical particles may be different from
those of spherical particles. Nevertheless, the variation trend of the MRT
ratio at different gas velocities will not change. The changes in the
height of the side exit may also affect the entrainment rate of particles,
especially for the MRT of the coarse particles. Therefore, it is necessary
to further study the effects of the solid characteristics and the height
of the side exit on the MRT difference.

4. Conclusions

For the binary mixture, the MRT ratio between the coarse particles
and the fine particles can be modulated by the gas velocity in a fluidized
bed with a side exit. The terminal velocity of the particles plays an im-
portant role in modulating the MRT ratio between the coarse particles
and the fine particles. The MRT ratio increases firstly and then decreases
with increasing the gas velocity. By controlling the gas velocity and the
feed composition of coarse particles, the MRT ratio can be modulated
from 1.8 to 10.5 at the gas velocity of 1.0 m-s~! for the binary mixture
with the size ratio of 2.2. The MRT ratio can reach to ~12 for the binary
mixture with the ratio of 3.3 at the gas velocity of 1.2 m-s™ 1.

By modulating the gas velocity, the MRT difference for binary mix-
ture can reach their MRT ratio for the requirement of the film diffusion
controlling mechanism. It offers an achievable method that particles
with different sizes will obtain synchronous conversion in a fluidized
bed by adjusting the gas velocity. Further work is needed to investigate
the detailed mechanisms of the residence time distribution for the binary
mixtures and the MRT of particle mixtures with different densities.

Nomenclature
A¢ cross-sectional area of bed surface
d, diameter of particles, um

Fy solid flux, kg-s~!

Fy; entrainment flux of particle i (particles Fine, Medium and
Coarse), kg-s~!

Fy; overflow flux of particle i (particles Fine, Medium and
Coarse), kg-s~!

Gs solid flux, kg-h™!

Kc elutriation rate of particle Medium, kg-m~2-s~!

Kr elutriation rate of particle Fine, kg-m~2-s~!

M MRT ratio

te complete reaction time of particles, s

tc mean residence time of coarse particles (particles Medium
and Coarse), s

tF mean residence time of fine particles, s

t; Mean residence time of particle i (particles Fine, Medium and
Coarse), s

Uy operating gas velocity, m-s™ !

Uns minimum fluidization velocity, m-s~!

U, particle terminal velocity, m-s~!

Uro transition velocity of MRT ratio, m-s—!

Ur particle terminal velocity of particle Fine, m-s~!

W; holdup of particle i (particles Fine, Medium and Coarse), kg

Xom concentration of particle Medium in bed

XpF concentration of particle Fine in bed

Xim concentration of particle Medium in entrainment

XiF concentration of particle Fine in entrainment

Xo concentration of particles Medium in feed

X concentration of particle Fine in feed

o size ratio

p density, kg-m~—3
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