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Abstract: A novel experimental method for the lateral mixing of binary solids in bubbling fluidized
beds was developed based on the capacitance probe technique. The evolutions of local mixing ratios
in a fluidized bed which can be assumed as one mixing cell were analyzed in detail. The solids
mixing within one mixing cell was resolved and the effect of convection and diffusion mechanism on
lateral mixing was evaluated individually. The results show that at lower part of the fluidized bed,
convection plays a more important role in the mixing process near the wall; meanwhile, diffusion
is very important for the mixing around the center line. This is opposite with that at the higher
part. A lateral micro dispersion coefficient was proposed to characterize the lateral mixing within
the mixing cell and the value is generally between 0.005 and 0.025 m/s. A new mixing index was
proposed to evaluate the lateral mixing quality of binary solids. It was found that at the lower part
of the fluidized bed, the best mixing is acquired at the half radius, whereas mixing at the center
line is the worst. At the higher part, solid mixing is better when increasing the distance from the
wall. The influences of gas velocity and static bed on the lateral mixing were also discussed from
a microscopic perspective.

Keywords: fluidized bed; lateral solids mixing; binary mixtures; capacitance probe

1. Introduction

Fluidized beds have been very popular in many chemical industries because of the
advantage of excellent heat and mass transfer efficiency [1–3]. In many industrial processes,
for example, clean utilization of coal [4] and gasification of biomass [5], the treatment of
two or more types of particles differing in density and/or diameter is needed. The lateral
mixing of dissimilar particles is crucial to the distribution of volatiles over the cross section
and its importance has been clarified by many researchers [6,7]. In addition, an increase
in the lateral mixing of the bed materials creates a more homogeneous temperature field
across the cross-section of the bed. However, compared with solids mixing in the vertical
direction, solids mixing in the lateral direction is at least one order of magnitude slower
and is usually the limiting process that requires closer investigation [6].

There has been an increasing interest in the lateral mixing of particles in fluidized
beds in the past two decades. It has been confirmed that rising bubble is the main driving
force of lateral mixing. Three main mechanisms for the lateral mixing of particles have
been identified [8,9]: (1) the eruptions of bubbles at the bed surface eject particles into the
splash zone with a certain horizontal velocity; (2) emulsion solids drift in a downward
direction around rising bubbles to fill the gap created by the bubbles; (3) the dragging of
particles from surrounding emulsion solids into the wake behind the rising bubbles. In the
literature, the lateral mixing of solids was commonly characterized using the dispersive
approach which was proposed by Rowe et al. [10] and has been experimentally confirmed
in many studies [11–15]. In the dispersive approach, the fluidized bed is divided into many
mixing cells in the lateral direction. The lateral mixing process was simplified by lumping
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bubble-induced convection and particle diffusion in one effective dispersion coefficient, D,
which is used in a diffusion-like model to describe the solids dispersion [11].

Many experimental methods have been developed to derive the distribution of tracer
particles in fluidized beds and fit the lateral mixing process by the diffusion equation to
determine the lateral dispersion coefficient. Castilla et al. [16] proposed a novel thermal
experimental method which utilizes the finite volume analysis of the temperature field
over the bed surface to determine the solids dispersion coefficient in a bubbling fluidized
bed. The dispersion coefficients were in the order of 10−3 m2/s. The effects of gas velocity,
particle size on the mixing process were discussed and it was found that the lateral disper-
sion coefficient decreased when increasing the particle size and increased when increasing
the fluidization velocity. Sette et al. [15] utilized an indirect particle tracing method using
magnetic separation to investigate the influences of different parameters on the lateral
dispersion coefficient in a bubbling fluidized bed. The dispersion coefficients were in the
order of 10−2 m2/s, which were two orders of magnitude greater than the reported values
in fluidized beds with similar operating conditions conducted by Shi and Fan [17] and
Berruti et al. [18]. Sette et al. [15] also proposed a bubble mixing factor to elucidate the
influence of bubble flow on solids mixing but found that the bubble mixing factor did not
show a clear dependence on the bed height. Liu and Chen [19] developed a novel sampling
approach based on the bed frozen method to determine the lateral dispersion coefficient
in a 3D fluidized bed. The lateral dispersion coefficient was 0.0005 m2/s and agreed well
with other reported values for lab-scale fluidized beds. Niklasson et al. [20] combined
drying and devolatilization of the fuel and cross-sectional measurements of the water
concentration above the bottom bed, from which the lateral dispersion coefficient of fuel
particles is determined. They reported a lateral dispersion coefficient of 0.1 m2/s in a large
fluidized bed, which was two orders of magnitude higher than the dispersion coefficient
in fluidized beds with similar size reported by Olsson et al. [11]. Other researchers also
applied magnetic resonance imaging method [21], thermal tracing method [22], subliming
tracing method [23], emission tracing method [24] to characterize the lateral mixing of
solids in fluidized beds.

However, it is quite confusing that the lateral dispersion coefficient reported in the
literature differed by up to four orders of magnitude [14–26]. Even for fluidized beds oper-
ated in similar conditions, the difference between reported lateral dispersion coefficients
may be up to two orders of magnitude. The lateral dispersion coefficient is influenced by
many operating conditions such as bed size, gas velocity, and particle property. However,
researchers also found that the lateral dispersion coefficient may change significantly with
the experimental techniques applied [25–28]. In addition, former research on lateral mix-
ing of solids in fluidized beds mainly fit the lateral mixing process by the Fickian-type
diffusion equation to derive the lateral dispersion coefficient. This type of research only
describes the macro lateral mixing process since the effects of convection and diffusion are
lumped into the single dispersion coefficient parameter, D. The main shortage of this type
of research is that the mixing process within the mixing cell cannot be resolved [15]. It has
been pointed out that quantifying lateral mixing through an effective dispersion coefficient
yields no information about the physical mechanisms governing the mixing process [11].
The understanding about lateral mixing mechanism of solids in bubbling fluidized beds is
still not clear and further investigations are needed.

The research on the lateral mixing in bubbling fluidized beds is limited by the mea-
surement method for solids mixing. Here, the disadvantages of existing measurement
methods for solids mixing are discussed. In the bed frozen method, the measurement
would interrupt the fluidization and it is difficult to evaluate the overall mixing process of
solids. Another disadvantage of the bed frozen method is that a certain deal of uncertainty
may be caused because of the lateral rearrangements of particles during the collapsing
process [29]. Common particle tracing methods, namely color tracing, phosphorescent
tracing and thermal tracing, are inapplicable in thick bubbling fluidized beds because
tracer particles are hidden by bed materials and cannot be detected by the imaging system.
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These particle tracing methods based on radioactive techniques, such as neutron tracing,
X- or γ-rays tracing, magnetic resonance imaging, and PEPT, are complex, expensive and
have high safety requirements. In addition, because many factors such as particle size,
density, shape and surface properties can be the dominant causes for mixing or segregation,
any marking of particles for quantitative measurement may severely influence the mixing
parameter to be measured [30]. An appropriate experimental method for lateral solids
mixing in bubbling fluidized beds is still lacking. It is a more challenging task to measure
the mixing parameters within bubbling fluidized beds in the whole mixing process.

A novel experimental method for the lateral mixing of solids in bubbling fluidized
beds was developed in this article. This method utilizes the capacitance probe technique
to acquire the local mixing ratio at different lateral positions according to the effective
permittivity of binary mixtures. In the conventional utilizations of capacitance probe
technique [31–33], the bed materials were composed of only one type of particle and the
local volume fraction of solids was measured. In this paper, binary solids were used in the
fluidized bed and the capacitance probe technique was employed to measure the mixing
ratio. As mentioned above, the “macro mixing” of solids in fluidized bed was characterized
in former research. Since the measuring field of the capacitance probe sensor is smaller
than the sampling volume used in these existing measurement methods for solids mixing
by one or two orders of magnitude [34,35], the mixing ratio measured by the novel method
is referred to as “micro mixing ratio” in this article.

The focus of present research is the lateral mixing process of solids within a single
mixing cell. The aim was to evaluate the importance of the convection/diffusion mecha-
nism on lateral mixing and quantify the dispersion process within the mixing cell. Towards
this goal, the aspect ratio of the fluidized bed was set to unity and the bed assumed as one
mixing cell. Binary solids with equal size but different densities and belonging to Geldart D
type were used. The effects of bed height, gas velocity and static bed on the lateral mixing
of binary solids were studied.

The discussion of lateral mixing of binary solids is organized as follows. Firstly, the
lateral mixing process is analyzed in detail by examining the evolutions of micro mixing
ratios with time for different lateral positions of the fluidized bed. The effect of convec-
tion/diffusion on lateral mixing is evaluated by the fluctuation property of micro mixing
ratio. Secondly, a micro dispersion coefficient for the lateral mixing within the mixing cell
is proposed and its relationship between the convection/diffusion mechanisms is analyzed.
Finally, a new mixing index is proposed to evaluate the micro mixing extent and the lateral
distributions of mixing index are acquired to determine the lateral mixing quality.

2. Methodology of Measuring the Micro Mixing Ratio of Binary Mixtures
2.1. Measuring Principle of the Capacitance Probe Method in Fluidized Beds Dealing with
Binary Mixtures

Figure 1 depicts the structure of the capacitance probe measurement system. The
capacitance probe sensor consists of three electrodes from the inside to the outside, namely,
sensing electrode, active guarded electrode and grounded shell. The capacitance probe
sensor is connected to a customized amplifier (MTI Instruments, AS–500 SP) through
a standard BNC connector and a low-noise co-axial cable. The electric potential of the
active guarded electrode is kept the same as the sensing electrode. In this way, the stray
capacitance caused by the coaxial cable can be eliminated. The measuring volume is the
conical space made up of the protruding part of sensing electrode and grounded shell as
shown in Figure 1.

When the capacitance probe is used in fluidized beds dealing with binary solids, the
following equation is derived:

Fj + Ff + Fa = 1 (1)

where Fj, Ff, Fa is the volume fraction of dense particles, light particles and air in the
measuring field of the capacitance probe sensor.
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Figure 1. Structure of the capacitance probe measurement system.

The output signal of capacitance probe system will change because of the presence of
particles in the sensing field. The relationship between the output signal of capacitance
probe system and particle concentration has been studied in the literature and the research
results were applied in present research. Wiesendorf and Werther [31] found that in gas-
solids suspensions, the output signal of capacitance probe system changes linearly with the
volume fraction of particles in the sensing field of probe sensor. Therefore, we assume that
the output signal changes linearly with the volume fraction of components in the sensing
field of probe sensor. Based on this, Equation (2) is derived:

Fjvj + Ffvf + Fava = v (2)

where v is the output signal of the capacitance probe measurement system; va is the output
signal when the capacitance probe is exposed in air; vj or vf is the output signal assuming
that the sensing field is filled with pure substance of dense or light particles. The vj and
vf are not measured values in present research. It is worth noting that vj is fixed value for
a given kind of dense particles. This is same for vf. Combining Equations (1) and (2), the
following equation is derived:

Fj = kv + b (3)

in which
k =

1
vj − v f

. (4)

b =
v f (1− Fa)− Fava

vj − v f
(5)

Because the particles in bubbling fluidized beds are mainly in the emulsion phase,
only when the capacitance probe sensor is immersed in emulsion phase, the output electric
signal can be processed to derive the volume fraction of dense particles according to
Equation (3). Firstly, the theoretical calibration constants k and b in Equation (3) are
predicted from Equations (4) and (5). The measuring instrument (MTI Instrument AS–500)
used in present research yields the output electric signal based on the capacitance of probe
sensor according to

U =
Kamp

C
(6)

where Kamp is the amplification factor of the measuring instrument and the value is 2.5 pF·V;
C is the capacitance of the probe sensor. The capacitance of probe sensor is calculated
according to the base capacitance C0 (capacitance when probe sensor is in air):

C = KeC0 (7)

where Ke is the relative permittivity of mixtures in the measuring field of capacitance
probe sensor.

The physical properties of particles used in present research are given in Table 1. The
particles are classified as Geldart D type particles. According to the equations given above,
vj and vf in Equation (4) can be predicted by dividing va by the relative permittivity of
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dense particles and light particles respectively. When the capacitance probe sensor is in
air, the output signal va is 9.8 v. Thus, the vj and vf in Equation (4) are predicted to be
0.93 v and 2.58 v respectively, from which k is calculated and the value is −0.606. The Fa of
emulsion phase should be determined before predicting b using Equation (5). According
to the “two-phase flow” theory [36], in bubbling fluidized beds dealing with Geldart B or
D type particles, Fa of emulsion phase is kept the same with the minimum fluidization
state. Therefore, Fa of emulsion phase is determined in minimum fluidization by drainage
method and the value is 0.43. Thus, b is calculated, and the value is 1.66. Given the
calibration constants k and b, the volume fraction of dense particles in emulsion can be
predicted theoretically according to Equation (3).

Table 1. Physical properties of particle materials.

Particle
Bulk

Density
(kg/m3)

Diameter
(mm)

Relative
Permittivity

[32]

Stacking
Angle (◦)

Minimum
Fluidization

Velocity (m/s)

Quartz sands 1857 0.77 3.8 32 0.76
Silicon
carbide 2184 0.77 10.5 34 0.92

In addition, the actual volume fractions of dense particles and output signals are
fitted by Equation (3) to derive the calibration constants k and b. The dense particles
are fully mixed with light particles according to a preset volume fraction and then the
mixtures are maintained at minimum fluidization. The output signal of the capacitance
probe system is recorded. The fitted calibration constants k and b from experiments is
−0.343 and 1.16 respectively. The relative errors between the fitted k, b from Equation (3)
with the predicted ones from Equations (4) and (5) are 43.4%, 30.1% respectively. When
using Equations (4) and (5), the parameters including Fa, relative permittivity of dense
and light particles must be predicted first which may be different from the actual values.
Therefore, errors of the theoretical k, b predicted from Equations (4) and (5) are caused. It is
suggested that fitted k, b from experiments be used to derive the volume fraction of dense
particles. In conclusion, under the experimental condition in present research, the volume
fraction of dense particles can be calculated according to the following equation:

Fj = −0.343v + 1.16 (8)

Although the volume fraction of dense particles can be acquired through the equation
given above, it is not suggested to characterize the local mixing state using Fj because it
is inconvenient for readers to understand the mixing state. The Fj is 0.57 when there are
only dense particles at the measurement point and 0.0 when there are only light particles at
the measurement point. It is suggested to use the micro mixing ratio of dense particles (fj)
to characterize local mixing state in this article. The micro mixing ratio of dense particles
is the volume fraction of dense particles in only particles neglecting the air. When micro
mixing ratio of dense particles is 1.0, the particles in the sensing field of the capacitance
probe sensor are only dense particles. When the micro mixing ratio of dense particles is 0.0,
the particles in the measuring field of capacitance probe sensor are only light particles. The
micro mixing ratio of dense particles can be calculated in a convenient way based on the
linear calibration of output signal since it has been proven to be above that when the probe
sensor is in emulsion, the output signal varies linearly with the volume fraction of dense
particles. Specifically, when the micro mixing ratio of dense particles increases from 0.0 to
1.0, the output signal changes linearly from Vf (output signal when emulsion solids are
composed of light particles only) to Vj (output signal when emulsion solids are composed



Energies 2021, 14, 7796 6 of 25

of dense particles only). Thus, the micro mixing ratio can be calculated according to the
following equation:

f j =
v−Vf

Vj −Vf
(9)

where fj is the micro mixing ratio of dense particles in the measuring field of capacitance
probe sensor; Vj is the output voltage signal when there are only dense particles in emulsion
solids which is measured to be 1.54 v; Vf is the output voltage signal when there are only
light particles in emulsion solids which is measured to be 3.36 v. Then, the micro mixing
ratio of dense particles at the measurement point can be calculated according to

f j = −0.55v + 1.846 (10)

The diameter of the in-house fabricated capacitance probe sensor is only 5 mm, which
makes the measuring field of the capacitance probe sensor one or two orders of magnitude
smaller than the sampling cells used in former experimental research. Therefore, the fj
measured by capacitance probe method is referred to as the micro mixing ratio in the
present research. It is worth mentioning that micro mixing ratio is actually a relative term
which indicates the mixing ratio of binary solids in a very small volume.

2.2. Processing Method of the Output Signal

The output signal of the capacitance probe measurement system is processed according
to the following method to acquire the micro mixing ratio at different lateral positions of
the annular fluidized bed. In bubbling fluidized beds, the gas in excess of that required
to maintain minimum fluidization flows through the bed in the form of bubble. There
are two types of flow structure in bubbling fluidized beds, i.e., bubble and emulsion
solids. Accordingly, at one measurement point, the output signal of the capacitance probe
system mainly includes two parts: the bubble part and the emulsion part. The output
signal of capacitance probe measurement system is checked carefully in chronological
order. Because there are nearly no particles in the bubble, the output signals when bubbles
pass by the measurement point are neglected. When emulsion solids flow through the
measurement point, the output signal from when emulsion solids reach this position to
when the emulsion solids leave this position is picked out. This part of signal is averaged
to calculate the local mixing ratio at the current time according to Equation (10).

2.3. Validation of the Measurement System for Micro Mixing Ratio

In order to examine the accuracy of the capacitance probe measurement system in
fluidized beds dealing with binary solids, a validation experiment was carried out. Silicon
carbide particles and quartz sands were fully mixed at a preset mixing ratio and poured
into fluidized bed. Then, the binary mixtures were maintained at approximately minimum
fluidization and the capacitance probe was fully immersed in binary mixtures to measure
the mixing ratio. The experimental procedure was repeated ten times and the averaged
measured value was acquired and compared with the actual value. The comparison
between the measured values and real values is given in Figure 2. The relative error of the
measuring results is 4.3%. Therefore, the capacitance probe measurement system proves to
be accurate.
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2.4. Advantages and Disadvantages of the New Measurement Method

The capacitance probe method shows great potential in developing an in-depth under-
standing about the lateral mixing mechanism of solids in fluidized beds. Compared with
the existing methods for solid mixing, the main benefits of the novel method are its con-
venience, cost effectiveness, and utilization in dense or three-dimensional fluidized beds.
Bellow, the advantages of the new measurement method for solids mixing are discussed.

Firstly, the sampling cell in the particle tracing method is usually several cubic cen-
timeters and even larger in the bed frozen method [34,35]. By comparison, the measuring
volume of the capacitance probe sensor is one or two orders of magnitude smaller. In this
way, the micro mixing ratio of solids can be measured by the new measurement method.

Secondly, because the thickness of fluidized beds is usually much larger than the
diameter of particles, the tracer particles inside the bed may be hidden by bed materials
and failed to be detected. As a result, certain measuring error may be caused. In the new
measurement method, because of the penetration of electric filed, such a measuring error
can be eliminated.

Thirdly, because many factors such as the particle size, density, shape and surface
property can be the dominant causes for the mixing or segregation, any marking of par-
ticles for quantitative measurement may severely influence the mixing property to be
measured [30]. In the new measurement method, the mixing ratio is measured based on
the difference between the dielectric constants of binary solids and any marking of particles
is avoided.

The cost of the capacitance probe measurement system is evaluated as follows. The
cost of the capacitance probe sensor is 20 USD per sensor. The costs of the capacitance
amplifier and data acquisition equipment are 15,000 and 2000 USD, respectively. The total
cost of this novel measurement is about 17,000 USD. The cost of this method is much
lower than that of X- or γ-ray imaging, neutron imaging, and RPT measurement system.
In addition, the capacitance probe is very firm and is applicable in high-pressure and
high-temperature fluidized beds. Therefore, it is possible to apply this method in industry
in the future.

The main disadvantages of the novel measurement method are also discussed here.
On the one hand, this method cannot be used in liquid-solids fluidized beds. On the other
hand, this method cannot be used in fluidized beds dealing with three or more types
of particles.

The interference of the capacitance probe sensor to fluidization was analyzed.
Maurer et al. [37] evaluated the influence of probe sensor to a bubbling fluidized bed
using X-ray measurement method. In their research, two probe sensors (diameter of 5 mm)
were mounted in the bed, 10 mm vertically apart. The results showed that bubble size,
splitting and shape as well as rise velocity is nearly unaffected by the probe sensor. In the
present research, the diameter of the capacitance probe sensor is the same as that employed



Energies 2021, 14, 7796 8 of 25

by Maurer et al. [37]. Therefore, the interference of capacitance probe sensors to fluidization
can be neglected.

3. Methodology of Fluidized Bed Experiment

Figure 3a shows a schematic diagram of the fluidized bed experimental system. The
fluidized bed is 300 mm in width and 30 mm in depth and made of transparent acrylic glass.
Atmospheric air is pumped into the fluidized bed by a Roots-type blower. A perforated
plate with a pore size of 2.0 mm and an open area ratio of 3.1% is used as the gas distributer.
The gas velocity in the fluidized bed is measured by a vortex flow meter.
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(b) Configurations of static bed.

Binary solids, that is, silicon carbide particles and quartz sands with an equal diameter
of 0.77 mm and a density ratio of 0.85 are used to study the lateral mixing property. The
height of the static bed is 30 cm. In the present research, the following three types of static
bed whose configurations, illustrated in Figure 3b, were used.

1. Dense particles are poured into the bed first. Then, light particles are poured upon the
dense particles with the same volume, which forms a vertical segregated static bed.

2. Dense particles are at the right side, and light particles are at the left side, which forms
a lateral segregated static bed.

3. Dense particles are upon light particles at the left side, whereas light particles are
upon dense particles at the right side, which forms a four-corner segregated static bed.
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The arrangement of measurement points for micro mixing ratio of binary solids is
shown in Figure 3a. Five measurement points are uniformly distributed in the lateral direc-
tion when the height is 0.25 H0 and 0.75 H0 respectively. For each type of static bed, the gas
velocity is suddenly raised from zero to a preset value, and the fluidization is maintained
for five minutes. In the mixing process, the micro mixing ratios at all measurement points
are recorded simultaneously using the capacitance probe measurement system.

4. Results and Discussion
4.1. Effect of Convection and Diffusion Mechanism on the Lateral Mixing Process

The aspect ratio of the fluidized bed used in the present research is 1.0. Generally,
there is only one bubble bursting at the surface of the fluidized bed at one time in the
mixing process. This is confirmed by a visual analysis of the snapshots of fluidized bed, as
shown in Figure 4. The eruption of bubbles is not limited by the walls of the bed. Therefore,
the fluidized bed can be assumed as one so-called “mixing cell”. The micro mixing ratios at
different lateral positions are measured, from which the detailed mechanism about lateral
mixing within the mixing cell can be revealed.
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In bubbling fluidized beds, the lateral mixing resulted from convective bubble flow
and random motion of particles [11–15]. On the one hand, as particles in the fluidized
beds are quite random, diffusion mixing results from the local relative motion of particles.
On the other hand, when a bubble rises, it carries a large number of particles up together
in its wake and simultaneously pushes emulsion solids aside, resulting in ascending and
descending emulsion solids. The relative motion of emulsion solids causes convection
mixing. The diffusion and convection mechanisms are related to the motion of particles. In
the convection mixing caused by the ascending and descending emulsion solids, diffusion
mixing also exists due to the local relative motion of particles. The particle cluster size
and particle velocity will change at different positions, which means that diffusion may
develop into convection with the variation of position and vice versa.

In order to figure out the effect of convection and diffusion mechanism on the mixing
process, first, the relationship between the micro mixing ratio and convection/diffusion
must be established. According to the discussions above, when convection mixing hap-
pens, the micro mixing ratio will change largely with time because particle clusters that
containing different types of particles flow through the measurement point. The particle
cluster here means a large number of particles that are driven by bubbles and having
similar velocity. On the contrary, the diffusion mixing is believed to be induced by the
exchanging of positions of particles with their nearest neighbors. Therefore, when diffusion
mixing happens, the micro mixing ratio will change slightly with time because there is no
sudden change of mixing state at the measurement point.

The mixing processes at different lateral positions are analyzed in detail to characterize
the role of convection and diffusion in the lateral mixing process of solids. Silicon carbide
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particles and quartz sands are vertically segregated in the static bed and the gas velocity is
1.28 times the fully fluidization velocity (uff) which is determined by bed pressure drop
method. The evolutions of the micro mixing ratio of dense particle (fj) with time at different
lateral positions when the bed height is 0.25 H0 are shown in Figure 5. In the mixing
process, when emulsion solids flow through the measurement point, the section of signal
from when emulsion solids reach the measurement point to when emulsion solids leave
the measurement point are picked out. The averaged value of this section of signal is used
to calculate the mixing ratio at the measurement point according to Equation (7) and the
mixing ratio is shown as a scatter in Figure 5. The averaged line is calculated by averaging
the fj in each five seconds. The standard deviations (STD) of fj in each five seconds are
calculated to characterize the fluctuation of fj with time, from which the effect of convection
and diffusion on the mixing process is analyzed.
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Figure 5. Variations of the micro mixing ratio and its standard deviation with time at different lateral
positions when the bed height is 0.25 H0. (a) Near the wall. (b) Half radius. (c) Center line.
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Figure 5a shows that fj near the wall decreases quickly from 1 to 0 between t = 0 s
and 12.5 s, and then increases quickly to 0.65 at t = 27.5 s. The significant variation of fj
results in a large STD in the beginning of mixing. As can be seen from the figure that the
STD is higher before t = 22.5 s, which means that convection plays a more important role
in the mixing process near the wall. The phenomenon can be explained in the way that
from a macro perspective, it has been found that bubbles tend to rise along the center line
of fluidized bed and carry a large number of particles to the top [2]. According to the
principle of conservation, particles near the wall will gather and flow down [38]. Therefore,
solids mixing near the wall is mainly accomplished through the coordinated motion of
particle clusters. From a micro perspective, because in bubbling fluidized bed gas velocity
near the wall is much lower than that in the main flow region, the drag force exerted on the
particles near the wall is smaller and there is a poor mobility of particles [39,40]. The above
factors result in that convective is the main mechanism of solids mixing near the wall.
After t = 27.5 s, quasi-steady mixing is formed in which the averaged line is about 0.56 and
nearly does not vary with time. Moreover, STD decreases slowly with time after t = 22.5 s,
indicating that the latter part of the mixing process is mainly accomplished by diffusion.
The explanation may be that the component in different particle clusters is similar and
solids mixing is mainly accomplished by the relative motion of particles.

Figure 5b,c show that the evolutions of fj and its STD with time at half radius (mea-
surement point L2) and center line (measurement point L3) of the fluidized bed are similar,
but very different from that near the wall. After a stagnant of about 10 s, the averaged fj
at the half radius and center line of fluidized bed decreases directly with time and show
moderate fluctuation. The STD at the half radius and center line is smaller than that near
the wall, which means that diffusion mixing is enhanced at the half radius and center line.
The explanation may be that the particles at the half radius and center line have a better
mobility due to the larger drag force compared with the particles near the wall [39]. In
this way, the relative motion between particles is enhanced and diffusion becomes more
important in the mixing process.

In addition, STD at the center line is higher than that at the half radius, which means
that convection mixing is more significant at the center line. The phenomenon can be
explained in the way that the mixing behavior at the half radius is mainly determined by
the mobility of particles. As mentioned above, particles at the center line are carried up
by bubbles and then particles near the wall flow down. The half radius is at the interface
between the upstream and downstream of particles. Chanchal et al. [1] found that at the
lower part of the bubbling fluidized bed, a vortex of particles exists at the half radius where
the trajectory of particle changes greatly. Therefore, diffusion mixing is more evident at the
half radius. Meanwhile, a large number of particles around the center line are carried up
by the bubbles in the wake, the coordinated motion of particle clusters are enhanced and
convection mixing is more significant at the center line.

The evolutions of fj and its STD with time at different lateral positions when the bed
height is 0.75 H0 are shown in Figure 6. Figure 6a,b shows that the averaged fj near the
wall and half radius follow a similar trend. The STD near the wall and half radius also
follow similar distribution that both large and small STD is observed before t = 22.5 s.
Therefore, the mixing near the wall and at half radius is accomplished by both convection
and diffusion. At the higher part of fluidized bed, the bubbles become larger and have
a wider influence on the motion of particles. During the rise of big bubble, particles at
the radius and near the wall are in the cloud of the bubble and flow down around the
boundary of bubble to the wake, which give a rise to diffusion mixing. In addition, because
the coordinated motion of larger particle clusters is induced by the bubbles at a higher part
of the fluidized bed, convection mixing is also enhanced. After t = 27.5 s, the smaller STD
means that diffusion plays a more important role in the later part of mixing process. The
mixing mechanism of the later part of the mixing process is similar with that discussed
above and not repeated here.
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Figure 6. Variations of the micro mixing ratio and its standard deviation with time at different lateral
positions when the bed height is 0.75 H0. (a) Near the wall. (b) Half radius. (c) Center line.

Figure 6c shows that fj at the center line varies largely from 0 to 0.8 from the beginning
of mixing. Correspondingly, the STD is very high which means that convection plays
a major role in solids mixing process at the center line. Moreover, STD is much larger than
that at half radius and near the wall. Sette et al. [15] concluded that many dense particles
at the center of the fluidized bed are carried up by bubbles in the wake. Meanwhile, light
particles around rising bubbles drift in a downward direction to fill the gap created by
the bubbles. In this way, the coordinated motion of particle clusters is significant and
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convection is the main mixing mechanism at the center line. In addition, the STD decreases
quickly with time, which may be due to the fact that in the beginning, particle mixing
is very fast and after t = 17.5 s the compositions of particles in different particle clusters
are similar.

Gas velocity is one of the major factors that influence the mixing behavior of solids in
fluidized bed. In order to study the effect of gas velocity on the lateral mixing of solids, the
variations of fj and its STD with time at different lateral positions (h = 0.75 H0) when the
gas velocity increases from 1.11 uff to 1.51 uff are shown in Figure 7.
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Figure 7. Variations of the micro mixing ratio and its standard deviation with time at different lateral
positions under different gas velocities. (a) Near the wall. (b) At the center line.

Figure 7a shows that when the gas velocity increases from 1.11 uff to 1.28 uff, a sig-
nificant difference between the evolutions of fj near the wall is observed. However, the
evolution of fj changes a little when the gas velocity increases from 1.28 uff to 1.51 uff.
Moreover, it is observed that STD of fj is larger at a higher gas velocity, indicating that
convection becomes more important in solids mixing with the increase of gas velocity.
It has been proven that [41] with the increase of gas velocity, the circulation of solids
in bubbling fluidized beds is accelerated and particles near the wall flow down more
quickly. Therefore, the coordinated motion of particle clusters near the wall is enhanced
and convection becomes more important in the mixing process.

For the mixing process at center line, it can be observed from Figure 7b that a significant
difference resulted both when the gas velocity increases from 1.1 uff to 1.28 uff and from
1.28 uff to 1.51 uff. Moreover, a larger STD of fj is observed at a higher gas velocity, indicating
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that convection plays a more important role in the mixing process with the increase in gas
velocity. As discussed above, at the higher part of the bubbling fluidized bed, the mixing at
center line is mainly accomplished by the dragging of particles from surrounding dense
phase into the wake behind the rising bubbles. Because the diameter of the bubble will
increase exponentially with the increase of gas velocity [2], more particles are dragged into
the wake of bubbles. Therefore, a large difference between the evolutions of fj at different
gas velocities results for the mixing at the center line. However, Figure 7b also shows that
at the center line, when u = 1.51 uff, the STD is smaller than that when u = 1.28 uff, indicating
that diffusion is more evident despite the increase in bubble size. The reason may be that
coalesce and creak of bubbles are more frequent at higher gas velocities, which results in
instability of the fluidization system and inconsistency of the motion of particles is caused.

A comprehensive understanding about the effect of static bed on lateral mixing of
binary solids may provide useful guidance for determining the feeding way of fluidized
bed reactor. In order to get a quantitative understanding about the effect of static bed on
lateral mixing, the evolutions of fj and its STD at different lateral positions are shown in
Figure 8. Figure 8a shows that when the lateral and vertical segregated static beds are used,
a quick increase of fj near the left wall is observed in the beginning of mixing and then fj
decreases with time. A faster increase of fj is found when lateral segregated static bed is
used. On the contrary, when four-corner segregated static bed is used, a sudden decreases
of fj near the left wall results in the beginning and then fj increases slowly to about 0.52
when t = 27.5 s. At the beginning of mixing, larger STD is observed when the four-corner
segregated static bed is used.
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Figure 8. Variations of micro mixing ratio and its standard deviation with time at different lateral
positions when three static beds are used. (a) Near the wall. (b) At the center line.
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Figure 8b shows that at the center line of fluidized bed, when different static beds
are used, the variations of fj are similar with that near the left wall except for two things.
On the one hand, in the beginning, the increase of fj is faster when a vertical segregated
static fixed bed is used. On the other hand, when a four-corner segregated static bed is
used, the averaged fj varies inversely with time. Because of the accumulation of dense
particles at the right side when the lateral segregated static bed is used, the final value of fj
at measurement points H1 and H3 is approximately 0.44, which is smaller than that when
the other two types of static beds are used.

4.2. Micro Lateral Dispersion Coefficient of Solids

From the discussions above, it is found that the mixing mechanism of solids is very
different at various positions of the mixing cell. Therefore, it is necessary to characterize the
local solids dispersion at different positions of the fluidized bed. In the present research, the
fluidized bed is assumed as one mixing cell and the diffusion-like equation is inapplicable
to describe the solids dispersion. Moreover, the local mixing ratio of dense particles
measured by the novel measurement method is dimensionless. Under these conditions,
in order to characterize the local solids dispersion, a new micro dispersion coefficient is
proposed which is based on Fick’s first law. The definition of micro dispersion coefficient is
given below:

JL = Dm

(
∂ f j

∂x

)
(11)

where DmL is the local lateral micro dispersion coefficient at the measurement point; JL is
the local lateral flux of dense particles through per unit area in unit time at the measurement
point, respectively. The JL near the wall is evaluated by the increase of micro mixing ratio
of dense particles in unit time since the wall is the boundary of mixing in lateral direction.
The JL near the wall is calculated by the time-averaged increase of micro mixing ratio in
each five-second interval. Then, the JL at half radius is evaluated by summing up the
time-averaged increase of micro mixing ratio at half radius and the JL near the wall.

The lateral gradients of mixing ratio on the right sides of Equation (11) are calculated
based on the time-averaged micro mixing ratio in each five-second interval. Although the
measured micro mixing ratio at one measurement point is scattered, the time-averaged
mixing ratio can reflect the effective local mixing state at this measurement point. The
rationale in calculating the lateral micro dispersion coefficient is same with that of the
macro dispersion coefficient in the literature. However, because the measured micro mixing
ratio by the novel method is dimensionless, the unit of lateral micro dispersion coefficient
is m/s, which is different from that of macro dispersion coefficient. The micro dispersion
coefficient can be used to evaluate the local lateral dispersion of solids in fluidized bed
given local mixing ratios or volume fractions of dense particles.

Figures 9 and 10 show the variations of Dm with STD at different bed heights and gas
velocities, respectively. The static bed is composed of silicon carbide particles and quartz
sands which are vertically segregated. In our experiments, the micro lateral dispersion
coefficient within the mixing cell mainly falls between 0.005 and 0.025 m/s. It can be
observed from Figure 9 that when the bed height is 0.25 H0, the variations of Dm with STD
are different at different lateral positions. The Dm is higher when there is a larger STD near
the wall, which means that convection play a major role in the lateral mixing of solids. The
reason may be that the voidage near the wall is lower and the lateral mixing is mainly
accomplished through the coordinated motion of particle clusters. However, the variation
of Dm with STD at the half radius is opposite with that near the wall. The STD at the half
radius is generally lower than 0.12 and Dm is higher when there is a smaller STD. This
means that diffusion is more important for lateral mixing at half radius. As mentioned
above, the half radius is at the interface between the upstream and downstream of particles
and a vortex of particles is formed where the trajectory of particle changes greatly, which
results in the mixing being mainly accomplished by diffusion.
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Figure 9. The variations of micro lateral dispersion coefficient of particles with STD at different
lateral positions and bed heights when uf = 1.28 uff.
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When the bed height is 0.75 H0, the Dm near the wall and at half radius increase with
STD, indicating that convection has a more important influence on lateral mixing with
the increase of bed height. Because bubbles grow larger with the increase of bed height,
the bubble induced coordinated motion of particle clusters becomes very important in the
lateral mixing at the upper part. In addition, when there is a larger STD, Dm at half radius
is higher than that near the wall, meanwhile when there is a smaller STD, Dm at the half
radius is lower. This means that convection is more important for lateral mixing at the
half radius than that near the wall, which may be due to the rising bubbles having a more
important influence on the particles at the half radius.

The influence of gas velocity on the micro lateral dispersion coefficient is shown in
Figure 10. It can be observed from Figure 10a that at a lower gas velocity, the STD near
the wall is smaller and Dm is generally lower than 0.013. With the increase of gas velocity,
Dm increases quickly with STD, which means that convection plays a more important role
in lateral mixing at a higher gas velocity. The variation of Dm with gas velocity is mainly
caused by the change of bubble dynamics. At a higher gas velocity, bubbles become larger
and rise faster in the fluidized bed, which will make the particle clusters near the wall flow
down faster [41]. In this way, the lateral dispersion of solids is enhanced. This finding is
in accordance with the experimental results acquired by Castilla et al. [16] and Liu and
Chen [19].

Figure 10b shows that at the half radius, Dm increases quickly when the gas velocity
changes from 1.11 to 1.28 uff, indicating that convection becomes more important in the
lateral mixing of solids. However, when increasing the gas velocity to 1.51 uff, a higher
Dm is found when there is a smaller STD. This means that when u = 1.51 uff, apart from
convection, diffusion also plays an important role in the lateral mixing of solids. The
enhancement of diffusion mixing at a higher gas velocity may be due to the fact that on
the one hand, bubbles become larger and rise faster at higher gas velocity. During the
rise of large bubble, particles flow down quickly around the boundary of the big bubble
to the wake, which enhances the diffusion mixing. On the other hand, the coalesce and
creak of bubbles are more frequent at a higher gas velocity, which results in instability of
the fluidization system. Therefore, inconsistency of the motion of particles is caused and
diffusion becomes more important in the lateral mixing of solids.

4.3. Lateral Mixing Quality of Solids

The above discussion gives knowledge about the effect of convection and diffusion
on lateral dispersion process/coefficient in fluidized beds. However, higher dispersion
coefficient does not always represent better mixing [25]. Therefore, an effective evaluation
of the lateral mixing quality is necessary in the present work. In the literature, there
are mainly four methods used to calculate the mixing index of binary mixtures, namely
average-height method [42], nearest-neighbors method [43], Lacey’s method [44] and
particle concentration method [45]. A brief introduction to these methods is given below.

In the average-height method, the average height of the dense particles is calculated
and normalized by the average height of all particles in the fluidized bed. Then, the
normalized average vertical position of the dense particles is used to calculate the mixing
index. The average-height method is used to calculate the mixing index of particles in the
whole fluidized bed. The equation for the average-height method is

zdense =

1
Ndense

∑
i∈dense

zi

1
Nall

∑
i∈all

zi
(12)

where zdense is the normalized average vertical position of the dense particles. The mixing
index is defined as:

M = 2(zdense − 0.5) (13)

which means that M is 0 for totally unmixed bed and 1 for fully mixed bed.
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In the nearest-neighbors method, the number of particles surrounding a target particle
is acquired. The mixing index is calculated by counting the number of particles having the
same density or color as the target particle. The definition of the mixing index is expressed
as follows:

M =
1

Npart
∑

Npart

2ndi f f

nnb
(14)

where ndiff is the number of nearest neighbors having different density or color, nnb is the
number of nearest neighbors.

In the average-height method and nearest-neighbors method, the mixing index is
calculated given the coordinated of all the particles. Therefore, they are mainly used in
numerical simulations.

In Lacey’s method, the fluidized bed is divided into many cells and the variance
for the concentration of dense particles in each cell is calculated according to the follow-
ing equation:

S2 =
1

N − 1

N

∑
i=1

(φi − φm)
2 (15)

where N is the number of cells in fluidized bed, φi is the concentration of dense particles in
cell i, and φm is the average concentration of dense particles in the bed. S0

2 and SR
2 are

defined as
S0

2 = φm(φi − φm) (16)

SR
2 =

φm(φi − φm)

n
(17)

Then the mixing index can be calculated as

M =
S2 − S2

0
SR2 − S2

0
(18)

Lacey’s method is mainly used to calculate the mixing index of particles in the whole
fluidized bed given the concentration of dense particles in all cells. It can be used in
numerical simulation and experimental research.

In the particle concentration method, the mixing index is calculated knowing the
percentage of concentration of jetsam at different parts of the fluidized bed. The definition
of mixing index is expressed as

M =
Xdense
Xbed

(19)

where X is % of dense particles at the measurement point, Xbed is % of dense particles in
the bed.

The particle concentration method is mainly used to calculate the mixing index when
the mixing reaches steady. But in the present research, the whole mixing process of binary
mixtures in fluidized bed is studied. When there are only dense particles or light particles
at the measurement point, the mixing index for such totally unmixed states calculated by
concentration method is 0 or 2. Therefore, it is difficult to evaluate the local mixing quality
of binary mixtures effectively in the mixing process.

It can be found that the methods mentioned above are inapplicable when evaluating
the local mixing quality in the dynamic mixing process. For this problem, a new mixing
index is proposed based on Shannon entropy in this article. The formula is given in
Equation (20).

Im =

n
∑

i=1
fi ln fi

n
∑

i=1

1
n ln 1

n

(20)
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where Im is the micro mixing index at the measurement point, which will be 0.0 for the
totally segregated state and 1.0 for any completely mixed state; n is the number of kind
of particles, and the value is 2 in this study; fi is the micro mixing ratio of ith particle in
the measuring field of capacitance probe sensor. Compared with the existing methods for
mixing index, an effective evaluation of the local mixing quality of binary mixtures in the
whole mixing process can be acquired through the new solids mixing index.

The evolutions of Im with time at different lateral positions when the bed height is
0.25 H0 and 0.75 H0 are shown in Figure 11a,b, respectively. More specifically, the time
required for the mixing indices at different lateral positions to reach 0.4 and 0.9 is also
illustrated in the figures. The gas velocity is 1.28 uff. Figure 11a shows that when the bed
height is 0.25 H0, the fastest mixing is found at the half radius. Although the bubbles
have a more important influence on the mixing at center line, the mixing at center line is
the slowest. The phenomenon can be explained in the way that the half radius is at the
interface between the upstream of particles at center line and downstream of particles
near the wall, and a vortex of particles is formed at the half radius where the trajectory of
particle changes significantly. The flow pattern at the half radius is very suitable for solids
mixing. As for the mixing at the center line, because of the large drag force exerted on the
particles, particles are forced to move in approximately the same velocity and the mixing is
slowed down. After about t = 45 s, steady lateral mixing is reached, and it is found that the
final mixing quality at different lateral positions is similar.
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The evolutions of Im at different lateral positions when the bed height is 0.75 H0 are
shown in Figure 11b. The time required to reach certain mixing quality at different lateral
positions is also illustrated in the figure. It can be seen from the figure that fastest mixing is
acquired at the center line and mixing rate slows down quickly with the increase of the
distance from the center line. The phenomenon can be explained by the way that at the
higher part of the bubbling fluidized bed, because of the growth of bubbles, more particles
are carried to the top by bubbles in the wake. Meanwhile, the particles above will fall
due to the creak of bubbles. The relative motion between particle clusters is more evident,
which is good for the mixing at the center line. It has been proven that at the higher part
of bubbling fluidized beds, the gas velocity near the wall is much smaller than that in the
main flow region [40–42]. Therefore, smaller drag force is exerted on the particles near the
wall and poor mobility of the particles is resulted, which slows down the mixing.

Furthermore, the lateral distributions of Im under different gas velocities when the bed
height is 0.75 H0 are shown in Figure 12 to evaluate the lateral mixing quality. Figure 12a
depicts that at t = 5 s, a peak is found at the middle of the distribution curve of Im when
u = 1.11 uff or 1.28 uff, whereas the lateral distribution of Im when u = 1.51 uff is more like
a parabolic. The simultaneous rise of Im at measurement points H2, H3 and H4 when
u = 1.51 uff may be due to the bubbles being larger and the mobility of particles at a wider
range is improved by the bubbles. Figure 12b shows that at t= 10 s, the lateral distribution
of mixing index is quite flat when u = 1.51 uff. With the decrease of gas velocity, Im at the
center line changes slightly, but Im near the walls decrease very fast. Figure 12c shows that
at t = 20 s, the lateral distributions of Im are quite flat when u = 1.28 uff and 1.51 uff, whereas
when u = 1.11 uff, the overall Im is still lower specifically near the walls. In general, the
influence of gas velocity on the lateral mixing of solids is more important in the mixing
process, but the final mixing extent is similar.

Figure 13 shows the lateral distributions of Im at h = 0.75 H0 when different static beds
are used and the gas velocity is 1.28 uff. At t = 5 s, a symmetric lateral distribution of Im
with a peak at the middle is formed when the vertical segregated static bed is used. By
contrast, asymmetric distributions of Im are formed when the other two types of static bed
are used. When the lateral segregated static bed is used, lateral mixing at the left side is
much better than that at the right side. Because when the lateral segregated static bed is
used, the flow resistance on the left (light particles) is lower than that on the right (dense
particles), the gas flows through the bed mainly along the left wall which improves the
mobility of particles at the left side. In general, better lateral mixing is observed when the
four-corner segregated binary solids are used at t = 5 s, which may be due to there being
more interfaces between binary solids and dissimilar particles have more opportunities to
contact with each other. Figure 13b shows that at t = 10 s, when the lateral and four-corner
segregated static beds are used, the particle mixing quality at the left side is similar, which
is higher than that when the vertical segregated static bed is used. However, dead areas of
mixing are formed when the lateral and four-corner segregated static beds are used near
the right wall, and the dead area is larger when lateral segregated static bed is used.

A deeper understanding about the lateral mixing mechanism can be acquired through
the combination of dynamic modeling and this experiment. A dynamic modeling of
the lateral mixing process of binary mixtures in a fluidized bed can complement the
understanding about the mixing mechanism acquired by this experiment. Moreover, the
experimental results in the present research can provide useful data for model validation
in the dynamic modeling. The dynamic modeling of the lateral mixing of binary solids in
bubbling fluidized beds will be conducted in our on-going research.
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5. Conclusions

A novel experimental approach for the lateral mixing of binary solids in bubbling
fluidized beds was developed based on the capacitance probe method. The micro mixing
ratios and their standard deviations at different lateral positions of a fluidized bed which
can be assumed as one mixing cell were analyzed to characterize the effect of convection and
diffusion on lateral mixing of solids. A micro lateral dispersion coefficient was proposed to
characterize the lateral mixing of solids within the mixing cell, and a micro mixing index
was proposed to determine the lateral mixing quality. Compared with former research
in which the effect of convection and diffusion are lumped into one effective dispersion
coefficient to characterize the lateral mixing process, the effect of convection and diffusion
mechanism on mixing was evaluated individually. The main conclusions are as follows.

1. The micro lateral dispersion coefficient within the mixing cell mainly falls between
0.005 and 0.025 m/s. At the lower part of fluidized bed, convection has a more impor-
tant effect on mixing process, whereas mixing at half radius is mainly accomplished
by diffusion. Convection becomes more important for lateral mixing at the higher
part of the bed.

2. At the higher part of fluidized bed, solids mixing is fastest at the center line and slows
down when increasing the distance from the center line. However, at the lower part
of fluidized bed, solids mixing at the half radius is the fastest whereas mixing at the
center line is the slowest.
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3. Gas velocity has a more important effect on the mixing at the half radius and center
line than that near the wall. With the increase of gas velocity, the lateral distribution
of the mixing index becomes a parabolic. Asymmetric distributions of mixing index
are formed when the lateral and four-corner segregated static beds are used. When
four-corner segregated static bed is used, the lateral mixing of binary solids is fastest.
Dead areas of mixing are formed when lateral and four-corner segregated static beds
are used, and the dead area is larger for the lateral segregated static bed.
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Abbreviation

C Capacitance of the probe sensor
D Macro lateral dispersion coefficient of solids
Dm Micro lateral dispersion coefficient
F Volume fraction of tracer particles
Fa Volume fraction of air in measuring field of capacitance probe sensor
Ff Volume fraction of light particles in measuring field
fi Micro mixing ratio of ith particle in measuring field
fj Micro mixing ratio of dense particles in measuring field
Fj Volume fraction of dense particles in measuring field
Im Micro mixing index at the measurement point
n Number of kind of particles
t Mixing time
v Output signal of the capacitance probe measurement system
va Output signal when the capacitance probe is exposed in air
vf Output signal assuming that measuring field is filled with pure substance of light particles
Vf Output signal when the capacitance probe is immersed in light particles
vj Output signal assuming that measuring field is filled with pure substance of dense particles
Vj Output signal when the capacitance probe is immersed in dense particles
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