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ABSTRACT: The transition of the fluidization behavior of Geldart B particles to that
of A particles induced by temperature change was investigated by a developed high-
temperature electrical capacitance tomography (ECT) sensor. Silica particles with a
Sauter mean diameter of 237 μm and density of 2650 kg/m3, typically Geldart B
particles under ambient conditions, were fluidized in a column of 5.5 cm from 20 to
600 °C. With the increase in temperature, ECT measurements showed a decrease in
minimum bubbling velocity (Umb), no bed expansion characteristic in the
homogeneous fluidization regime, an absence of multiple-bubbles regime, and a
larger bubble size. The pressure drop against superficial gas velocity curves at elevated
temperatures confirmed homogeneous fluidization between the minimum fluidization
velocity (Umf) and Umb. Our analysis demonstrates that cohesive interparticle forces,
which increase linearly with temperature, are responsible for the fluidization behavior
transition of the silica particles.

1. INTRODUCTION
Gas−solids fluidized bed reactors operated at high temper-
atures are widely employed in industrial processes, including
methanol-to-olefins (MTO),1 polymerization,2,3 coal combus-
tion,4,5 and metallurgy6 due to their excellent performance in
heat and mass transfer. However, it has been discovered that
fluidization behaviors at high temperatures can be changed due
to the growth of particle agglomeration, which in severe cases
can lead to defluidization, and the growth of particle
agglomeration can be attributed to the increase in interparticle
cohesive forces induced by the temperature effects.2−7 For
example, in the polymerization fluidized bed rectors, small
polymer particles tend to stick together or wall and form large
agglomerates due to attractive forces, including chain
entanglement, electrostatic forces, and van Der Waals forces.2,3

In metallurgy processes, like the production of metallic iron by
iron ore with gas reductants, particle agglomerations are due to
the sintering forces of precipitated iron.6 Therefore, a proper
understanding of the changes in fluidization behaviors at high
temperatures is essential for the design, operation, and
optimization of gas−solids fluidized bed reactors.

Geldart classified particles into four groups based on density
difference and particle size in gas−solids fluidization, namely,
Geldart A, B, D, and C particles.8 The fluidization behaviors of
these particles vary prominently. For Geldart A particles, the
bed expands gradually with increasing superficial gas velocity
before reaching the minimum bubbling velocity, which is
known as the homogeneous fluidization regime. As the

superficial gas velocity increases, the bed commences bubbling
with relatively small bubbles, resulting in smooth fluidization
and reduced gas bypassing.8,9 In the case of Geldart B particles,
bubbles initially appear when the bed starts fluidization, and
the bubble coalesces with the bed height, increasing gas
bypassing and reducing solids mixing.8,9 For Geldart C
particles, powders lift as a plug in small diameter tubes or
channels, while for Geldart D particles, large bubbles occur
when they are fluidized, and the bed can be made to spout.8

Mostoufi’s research has further extended the classification of
powders by taking into account the interparticle forces acting
upon them.10 The results have aligned with the Geldart
classification, highlighting that these forces are the primary
determinant of particles’ fluidization characteristics.

In the past decades, researchers have examined the effect of
temperature on fluidization transition behaviors between
different Geldart groups. Due to a lack of satisfactory
measurement techniques at high temperatures, most previous
works were conducted based on indirect measurements, such
as pressure or pressure drop through a fluidized bed. For
instance, Botterill et al.11 measured the pressure drop of
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fluidized beds filled with sand between 380 and 2320 μm up to
960 °C and found that, for particles between 380 and 530 μm,
the void fraction at incipient fluidization increases with
temperature. Lucas et al.12 confirmed an increase in the
minimum fluidization void fraction with rising temperature for
particles with a narrower size distribution based on the
pressure drop measurement. Lettieri et al.13 measured pressure
drop across a fluidized bed and standard collapse time to
compare the fluidization behavior of FCC catalysts from
ambient conditions up to 650 °C. They found that the
increasing temperature had an effect on both hydrodynamic
and interparticle forces and resulted in a shift of fluidization
behavior from Geldart A to C in the fluidized bed. Shabanian
and Chaouki14 studied the fluidization of coarse particles at
high temperatures from 700 to 1000 °C by pressure
measurements. They revealed that gas density principally
impacts the bubbling fluidization of coarse particles at high
temperatures if the cohesive interparticle forces are negligible.
They also highlighted the change in physical or physicochem-
ical properties of both the fluidized particles and gas due to a
rise in temperature. Xu et al.15 investigated the fluidization
behavior of Geldart group D particles (i.e., corundum
particles) at extremely high temperatures up to 1600 °C.
They discovered that the increase in thermally induced
interparticle forces caused the particles to exhibit a similar
fluidization behavior as group B or even group A particles. In
addition to pressure measurements, Cui et al.16 utilized an
optical fiber probe to measure the local and average void
fractions of the dense phase to investigate the fluidization
behavior transition from Geldart A to B for FCC particles in a
range of 25−420 °C. They showed that an increase in
temperature could cause fluidization behavior transition from
Geldart A to B, which they attributed to the enhanced
interparticle attractive forces and decreased interparticle
repulsive forces. Based on the above discussions, especially
when comparing the characteristics of FCC particles measured
by Lettieri et al.13 and Cui and Chaouki,16 it is apparent that
contradictory conclusions were presented. This highlights the
difficulty in accurately measuring fluidized bed characteristics

at high temperatures and the limitations of indirect measure-
ment methods, such as pressure transducers and optical fiber
probes.

Visualization of fluidized bed behaviors at high temperatures
is critical for studying fluidization transition, especially for the
onset of bubbles in a fluidized bed as the minimum bubbling
fluidization is widely accepted as the point at which the first
visual bubble appears. Raso et al.17 designed a two-dimensional
(2D) fluidization facility inside an electrically heated refractory
furnace and applied a video camera to record the fluidization
processes up to 900 °C. They confirmed the existence of a
looser stable structure in the fluidized bed even at zero gas
velocity, induced by enhanced interparticle forces at high
temperatures. Formisani et al.18 further explored the origin of
the increase in the void fraction of a packed bed due to the
temperature and argued that it is related to the variation in
interparticle forces with temperature; a classical correlation can
be directly applied if the dependence of void fraction on
temperature is properly included. However, these results were
derived from visualizations of 2D fluidized beds, which may
differ from those observed in three-dimensional (3D) beds
where optical imaging is more difficult. Recently, Chirone et
al.19 used an X-ray imaging system along with pressure
measurements to study the effect of temperature up to 500 °C
on the minimum fluidization velocity of different Geldart
powders (B, A, and C) in a 3D fluidized bed of 140 mm
diameter. The X-ray images captured the flow structures, such
as the gas channels. Nevertheless, the low temporal resolution
and high cost of the X-ray imaging system hinder its
application in the industry.

Electrical capacitance tomography (ECT) based on
capacitance measurement is a visualization technique widely
used to measure the hydrodynamics of 3D fluidized beds,
particularly solid fraction distribution, bubble size, and bubble
rise velocity.20−23 However, ECT has been mainly used at
ambient temperature because of the challenges in making high-
temperature ECT sensors and in dealing with the effect of
temperature on capacitance measurements and image
reconstruction. We have successfully developed high-temper-

Figure 1. Experimental facility, including a fluidized bed equipped with a high-temperature ECT sensor, (a) schematic diagram, (b) photo of the
experimental facility.
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ature ECT sensors, which can withstand up to 1000 °C,24,25

and showed that the high-temperature ECT could work well
with fluidized beds up to 800 °C.26 Wang et al.27 also extended
the application of high-temperature ECT to measure a slugging
fluidized bed of Geldart D particles to 650 °C. The invention
of high-temperature electrical capacitance tomography has
provided a novel method for detecting the characteristics of a
high-temperature fluidized bed.

Therefore, in this paper, we conducted an experimental
study on the fluidization behaviors of silica particles with a
mean diameter of 237 μm and a density of 2650 kg/m3,
typically of Geldart B powder under ambient conditions, using
a 55 mm inner diameter fluidized bed equipped with a high-
temperature ECT sensor. We varied the temperature from 20
to 600 °C and analyzed the resulting changes in fluidization
characteristics, including minimum bubbling velocity/mini-
mum fluidization velocity (Umb/Umf), bubble characteristics,
and average solid fraction against superficial gas velocity, using
electrical capacitance tomography (ECT) and differential
pressure measurements. Our results revealed a transition in
fluidization behavior from Geldart B to A of silica particles, and
we also analyzed the reasons behind this transition.

2. EXPERIMENTAL SECTION
Figure 1 shows the experimental setup which consists of a
fluidized bed with a high-temperature ECT sensor capable of
reaching temperatures up to 800 °C.26 The furnace depicted in
the figure has dimensions of 800 mm in length and 120 mm in
thickness, with an inner diameter of 80 mm for heating
fluidized beds. To regulate the heating process, we affixed two
thermocouples 15 cm apart onto the outside wall of the
fluidized bed. Insulation cotton was used at both ends of the
furnace to minimize the gap between the fluidized bed and the
inner wall, thus reducing heat loss by convection. In our actual
measurements, we first measured the packed bed height
(around 25 cm at different temperatures) and adjusted the
vertical position of the packed bed to ensure that its vertical
center is aligned with the furnace’s midpoint. Consequently,
the apparatus’s design ensures a stable temperature environ-
ment for measuring the fluidized bed.

We conducted meticulous experiments with the same
amount of silica particles (780 g) at various temperatures
(20, 200, 400, and 600 °C). To ensure consistent superficial
gas velocity increments (0.1 cm/s) between the packed bed
and the slugging bed at each temperature, we adjusted the gas

volumetric flow rate based on the ideal gas equation. Before
the measurements, we calibrated the ECT system by utilizing
normalized capacitance vectors (λ) as shown in eq 1 to
reconstruct the normalized permittivity distribution.28

= C C
C C

L

H L (1)

Here, C is the measurement result, CL and CH are the results
corresponding to the empty bed and packed bed, respectively.
To ensure the packed bed reached the set temperature, we
heated the empty column to the desired temperature and
allowed sufficient time for it to equilibrate, thereby reducing
temperature fluctuations to within 0.2 °C, as observed by the
thermocouples. We measured the pressure drops across the
empty column at various superficial gas velocities and
calibrated the ECT system using a low-permittivity material
(air) to obtain the low capacitance value (CL). Next, we
introduced 780 g of silica particles into the empty bed and
increased the superficial gas velocities gradually until the bed
was vigorously fluidized and maintained at the set temperature
for enough time to keep the system temperature stable. Then,
we gradually decreased the superficial gas velocity to 0 and
kept the bed static for 3 min before conducting calibration to
obtain the high calibration value (CH).

Silica particles were utilized in the experiments and were first
precalcined at 600 °C for 4 h to stabilize their physical and
chemical properties. The Sauter mean diameter of the silica
particles was measured as 237 μm using a particle size analyzer
(Mastersizer 3000, Malvern Instruments Ltd., UK). Figure 2
presents the size distribution and a typical scanning electron
microscope (SEM) image of the silica particles. To represent
the sphericity of silica particles, we used their circularity, which
takes into account the similarity of length in the three-
dimensional direction.29 We detected, separated, and measured
the circularity of the particles using SEM images. After
analyzing 10 SEM images, the circularity of the silica particles
was recorded as 0.69. The physical properties and elementary
compositions of the particles were obtained with a Philips
Magix-601 X-ray fluorescence spectroscope (XRF; see Table
1).

The high-temperature ECT sensor consists of eight
electrodes, with its center located 185 mm above the
distributor on a horizontal plane. Its main parameters are
presented in Table 2; it can work up to 800 °C, and the
detailed design was reported previously.26

Figure 2. (a) Particle size distribution and (b) SEM images.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c00476
Ind. Eng. Chem. Res. 2023, 62, 17201−17215

17203

https://pubs.acs.org/doi/10.1021/acs.iecr.3c00476?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00476?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00476?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00476?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c00476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Our experimental setup, as illustrated in Figure 1, only
allows us to measure the total pressure drop across the
fluidized bed, distributor, and preheating section. However, we
need to determine the actual pressure drop of the fluidized
bed, which requires separating the pressure drops of the
distributor and the preheating section from the total pressure
drop. To achieve this, we measured the pressure drops of the
distributor and the preheating section with the empty bed in
advance and subtracted them from the total pressure drop
measurements at the same superficial gas velocity. We did not
measure pressure drops of the empty beds at all superficial gas
velocities but instead measured them across the superficial gas
velocity range and fitted quadratic functions between the
pressure drop of the empty bed and superficial gas velocity
based on the Ergun equation. In experiments, pressure drop
data were recorded in intervals of 125 Hz and for a duration of
80 s. For a given superficial gas velocity, the pressure drop of
the fluidized bed was derived by subtracting the pressure drop
across the empty column from the total pressure drop across
the bed, as depicted by eq 2.

=P P PV V Vfluidizedbed, total, empty, (2)

3. METHODOLOGY
After capacitance vectors are obtained during the fluidized bed
measurements, the permittivity distribution according to eq 3
can be obtained through specified algorithms.28

= Sg (3)

where λ is the normalized capacitance vector, g is the
normalized permittivity, and S is the normalized sensitivity
distribution. The projected Landweber iteration algorithm with
an optimal step length is used to obtain the normalized
permittivity distribution, and the iteration number of iterations
is set to 200 according to our previous work.30,31 The effect of

temperature on image reconstruction can be referred to in our
previous work.26

Once the normalized permittivity distribution (ĝ) is
obtained, the solid fraction distribution and time-averaged
solid fraction with its standard deviation can be calculated by
the following equations.

= =

=

p
g s
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Q

i
1

2

(8)

where p is the average normalized permittivity of each frame, s
is the area of each image pixel, N is the number of pixels (3228
in this work), p̅ is the time-averaged normalized permittivity, Q
is the number of frames (20 000 in this work), pi is the average
normalized permittivity of the ith frame, β is the average solid
fraction of each frame, β̅ is the time-averaged solid fraction, βi
is the average solid fraction of the ith frame, and STD is the
standard deviation of β̅.

A parallel model has been used to establish the correlation
between the normalized permittivity and the solid fraction as
shown in eq 6.21,32 Note that θ is the average solid fraction of
the packed bed, which varies with temperature because the
packed bed height can expand with the increase in temper-
ature. Previous studies have demonstrated that packed bed
height increases with the rise in interparticle forces17,18,33,34

because of the decrease in the coordination number of each
particle (as discussed in a previous study33). To measure the
packed bed height, a ruler made from a stainless-steel rod and
held by a device mounted on the outlet of the fluidized bed
was used. The ruler could move freely along the bed’s axial
direction, and the packed bed height was recorded at the
surface below which particles visibly adhered to the rod.

4. RESULTS AND DISCUSSION
4.1. Visualization of Fluidization Transition. A series of

measurements in the fluidized bed at different temperatures (T
= 20, 200, 400, and 600 °C) were carried out using the high-
temperature ECT sensor. The superficial gas velocity was
increased for each temperature from 0 to 10.0 cm/s with the
same stepwise increment. Before measurements for each
temperature were made, the static height of the packed bed
without gas flow was obtained. The average packed bed height
was 23.7, 24.4, 25.3, and 26.6 cm for T = 20, 200, 400, and 600
°C, and the corresponding average solid fractions are listed in
Table 3.

Figure 3 shows the typical solid fraction distributions
measured by the high-temperature ECT sensor. We obtained
the solid fraction distribution by the projected Landweber
iteration algorithm with an optimal step length. As shown in
the figure, when the superficial gas velocity gradually increases,
the appearance of bubbles can be distinguished, allowing for

Table 1. Physical Properties and Chemical Compositions of
Silica Particles

parameters value

mean diameter/μm 237
density/(kg/m3) 2650
compositions

Si 46.056
O 53.100
Al 0.588
K 0.124
Fe 0.056
Ca 0.035
P 0.024
Ti 0.010
Zr 0.004

Table 2. Parameters of the Experimental Apparatus

parameters value

column inner diameter 48 mm
column thickness 2 mm
number of electrodes 8
electrode thickness 0.5 mm
electrode-to-gap ratio 4
electrode length 30 mm
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the identification of the transition to bubbling fluidization at
different temperatures. A closer inspection of the solid fraction
distribution snapshots taken at different temperatures reveals
that the first bubble appears at a superficial gas velocity of 4.8,
4.0, 3.7, and 3.5 cm/s for T = 20, 200, 400, and 600 °C,
respectively.
4.2. Minimum Bubbling Velocity (Umb). It is widely

accepted that the minimum bubbling velocity (Umb) is the
superficial gas velocity at which bubbles regularly occur.8,35−37

We can distinguish the occurrence of bubbles in a three-
dimensional fluidized bed via ECT images, with Umb values of
4.8, 4.0, 3.7, and 3.5 cm/s observed for T = 20, 200, 400, and
600 °C, respectively. To verify the observed results, the time
series of solid fractions obtained via the ECT measurement
was further analyzed. This analysis revealed regular fluctuations
in the solid fraction, as seen in Figure 4. These fluctuations
were caused by the regular occurrence of bubbles, which were
used to plot the variations of the time-averaged solid fraction
and its standard deviation against superficial velocity (seen in
Figure 5). This allowed for the determination of the minimum
bubbling velocity, which was indicated by the jump point
representing regular bubbles passing through the sensor (bed).
This figure demonstrates that an obvious jump point exists in
the curve of time-averaged solid fraction standard deviation
versus superficial gas velocity at different temperatures,
representing regular bubbles passing through the sensor
(bed). These results provide evidence of the minimum
bubbling velocity at different temperatures.

The pressure drop of the bed against superficial gas velocity
curves can also be used to determine Umb according to
Rapagna ̀ et al.,38 as shown in Figure 6, where Umb is
determined by a shallow minimum. The minimum bubbling
velocity Umb obtained from the pressure-drop against super-
ficial gas velocity curves is 4.8 cm/s for T = 20 °C, 4.0 cm/s for
T = 200 °C, 3.7 cm/s for T = 400 °C, and 3.5 cm/s for T =
600 °C. These results confirm the reliability of high-
temperature ECT in measuring the minimum bubbling point
in fluidized beds. In conclusion, high-temperature ECT can
provide a direct and accurate way to determine the minimum
bubbling velocity from the reconstructed images of the solid
fraction distribution of a fluidized bed.
4.3. Minimum Fluidization Velocity (Umf). Under

ambient conditions, silica particles used in our experiments
are typically Geldart B particles, meaning that their minimum
bubbling velocity (Umb) and minimum fluidization velocity
(Umf) should be the same. To determine minimum fluidization
velocity (Umf), we used a method based on measuring the
pressure drops across the fluidized bed against superficial gas
velocity during the defluidization process. Specifically, we
employed the method described by Rao et al.,39 where the
intersection of the extrapolated line of the pressure drops
across the packed bed and that of the total pressure drop
across the fully fluidized bed is used to indicate the minimum
fluidization point. As shown in Figure 6, we obtained Umf =
4.80, 3.61, 3.20, and 2.89 cm/s for temperatures of 20, 200,
400, and 600 °C, respectively, based on the pressure drop
against superficial gas velocity curves. Apparently, under the
ambient conditions (T = 20 °C), Umf and Umb are coincident.
It is noteworthy that pressure-drop hysteresis became more
pronounced with increasing temperature, leading to a non-
linear decrease in pressure drop near the minimum fluidization
velocity and creating the difference between the fitting line at
room temperature and those at elevated temperatures.

Table 3. Average Packed Bed Height and Solid Fraction at
Different Temperatures

temperature (°C) average packed bed height (cm) average solid fraction

20 23.7 0.53
200 24.4 0.52
400 25.3 0.50
600 26.6 0.47

Figure 3. Snapshots of solid fraction distribution at different temperatures.
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The Umf is then compared with an empirical correlation, as
shown in eq 9, which accurately predicts Umf for Geldart B
particles, even at high temperatures.40

+ =Re Re Ar
1.75

150
1

mf
3 mf

2 mf
2

mf
3 mf

(9)

where the Reynolds number and Archimedes numbers are
respectively defined as

=Re
d U

mf
p g mf

(10)

=Ar
d g( )p

3
g p g

2 (11)

Note that ⌀ is the sphericity of particles, εmf is the void
fraction at minimum fluidization, ρp is the particle density, ρg is
the gas density, dp is the Sauter mean diameter of particles, μ is
the gas viscosity, and g is the gravitational constant. Based on
the measurements of changes in average solid fraction against
superficial gas velocity (shown in Figure 5), it is evident that
the void fraction remains stable before the bubbling regime.
This ensures that the minimum fluidization voidage (εmf)
equals the voidage in the packed bed regime (as displayed in
Table 3).

According to the Ergun eq 9, when the Reynolds number is
smaller than 1, the viscous effect is dominant.40 The Reynolds
numbers for T = 20, 200, 400, and 600 °C are 0.75, 0.25, 0.12,
and 0.07, respectively, thus, eq 9 can be simplified to eq 12,
where the second term is negligible.

Figure 4. Time series of solid fractions at different superficial gas velocities, (a) V = 2.8 cm/s and (b) V = 2.9 cm/s (Umb).

Figure 5. Variation of the time-averaged solid fraction and its standard deviation with the superficial gas velocity at different temperatures: (a) 20
°C, (b) 200 °C, (c) 400 °C, and (d) 600 °C.
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By simplifying eq 12 in eq 13, where K = dp2(ρp − ρg)gϕ2, we
obtain

=U K
(1 )mf

mf
3

mf (13)

The Wen−Yu equation,41 presented in eq 14, is applicable
to high-temperature systems by Pattipati and Wen.42 Thus, the
Wen and Yu equation was also utilized to predict the Umf for
comparison purposes, although it assumes minimum fluid-
ization voidage (εmf) is only related to sphericity.

= +Re Ar(33.7 0.0408 ) 33.7mf
2

(14)

Figure 7 compares the measured Umf with the predicted Umf
via eq 9 and eq 14. As can be seen, at lower operating
temperatures (T = 20 and 200 °C), the measured Umf agrees
well with both predictions; however, as the temperature rises,
the differences between the predictions and measurements
become more pronounced. According to the Ergun equation,
at a low Reynolds number (<1), the dominant effect is viscous,
which causes a decrease in Umf supporting invariable of
minimum fluidization voidage (εmf), yet the measured values
are higher than the values predicted by the Wen and Yu
equation, indicating that interparticle forces partially counter-
balance the viscous effect and heighten Umf at high
temperatures. Consequently, the Wen and Yu correlation

demonstrated the impact of temperature-induced interparticle
forces on the fluidization bed behavior. Moreover, we also
found that the measured results are smaller than the values
predicted by eq 9 directly according to the Ergun equation. As
illustrated above, at low Reynolds, eq 9 is simplified to eq 12.
As illustrated in eq 12, voidage at the minimum fluidization
state and viscosity of air increase with the temperature, which
have opposite effects on Umf and illustrates the variation trend
of Umf in Figure 7. As a result, the calculated results are higher

Figure 6. Pressure drop across the fluidized bed against superficial gas velocity at (a) T = 20 °C, (b) T = 200 °C, (c) T = 400 °C, and (d) T = 600
°C.

Figure 7. Comparisons of Umf obtained from measurements and
predictions based on the Ergun equation (eq 9) and the Wen−Yu
correlation (eq 14) for different temperatures.
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than the measured results owing to the increase in minimum
fluidization voidage. The increase in minimum fluidization
voidage causes the real velocity in the packed bed to decrease
when setting the same superficial gas velocity. When this role is
greater than the role of interparticle forces, we can determine
that the calculated results are higher than the predictions at
high temperatures. Therefore, it can be argued that the change
in interparticle forces leads to different variation trends at
elevated temperatures.

It is noteworthy that bed height has an effect on fluidization
characteristics, including minimum fluidization velocity and gas
holdup values.43,44 In our study, we used the same mass of
silica particles at different temperatures, resulting in a variation
in packed bed height due to the temperature effect on the
packed bed voidage. According to our measurements, the
packed bed heights at 20 °C, 200 °C, 400 °C, and 600 °C were
23.7, 24.4, 25.3, and 26.6 cm, respectively, with variations of
3.0%, 6.7%, and 12.2% compared to the packed bed height at
20 °C. Korkerd et al. studied the impact of bed height on
minimum fluidization velocity using a 10.2 cm inner diameter
bed and three different diameters of silica particles.43 They
obtained that the change in minimum fluidization velocity is
proportional to the variation of (H0/D0)0.076, where H0 is
packed bed height and D0 is bed diameter. Thus, when we
assumed the bed heights at elevated temperatures were the
same as that at room temperature, the deviations of minimum
fluidization velocity (Umf) were estimated to be 0.2%, 0.5%,
and 0.9%, representing that the change in bed height has no
effect on minimum fluidization velocities. Escudero and
Heindel also conducted an investigation into the effect of
bed height on fluidized bed characteristics, including minimum
fluidization velocity and gas holdup.44 They utilized pressure
drop and X-ray computed tomography measurements to
examine bed height’s effects on the above parameters through
three different Geldart B particles (glass beads, ground walnut
shell, and ground corncob) in a 10.2 cm diameter fluidized
bed. Their results indicated that bed height had no effect on
minimum fluidization velocity and local time-average gas
holdup values. Consequently, we can believe that the minor
change in bed height induced by temperature would have no
effect on the fluidization characteristics in this study.
4.4. Fluidization Behavior Transition from Geldart B

to A. According to Geldart, fluidization of Geldart B and A
particles has typical features as follows:8

Group B: Bubbles occur when the bed commences
fluidization, which is featured by Umf/Umb = 1.

Group A: A homogeneous fluidization regime, in which no
bubble appears between Umf and Umb, leading to Umb/Umf > 1.

Based on the above measurement results, Figure 8 shows
that Umb/Umf is 1 under ambient conditions (T = 20 °C),
indicating Geldart B fluidization behavior. When the temper-
ature increases to 200 °C, homogeneous fluidization between
Umf and 1.108Umf is observed, typical of Geldart A fluidization
behavior. Further, increases in temperature to 400 and 600 °C
result in an enlarged interval of homogeneous fluidization from
1.156Umf to 1.211Umf. This suggests that the fluidization
behavior transits from Geldart B to A type when the operating
temperature increases from ambient to 600 °C.

To better understand the mechanism behind the transition
in the fluidization behavior of silica particles in this study, we
studied the pressure overshoot at the onset of fluidization,
which is closely related to the cohesive interparticle
forces.13,18,19,33 Figure 9 shows the pressure overshoot, which

is obtained by subtracting the fluidized bed pressure drop from
the maximum pressure drop over the superficial gas velocity
curve, as indicated in Figure 6. The pressure overshoot
becomes higher with the increase in temperature, suggesting
that the cohesive interparticle forces are enhanced with the
increase in temperature.19 Therefore, the transition in silica
particle fluidization behavior from Geldart B to A at elevated
temperatures is mainly due to the increased cohesive
interparticle forces. The increase in interparticle forces may
be due to the compositions of elements. According to Table 1,
the silica particles are mainly composed of Si and O, with
minor amounts of Al and K. Previous research has found that
alkali metal elements in silica particles can lead to the
formation of silicates, which have low-melting points, such as
K2O·SiO2 = 976 °C, K2O·2SiO2 = 1015 °C, K2O·3SiO2 = 740
°C, and K2O·4SiO2 = 764 °C.33,45 These low melting points
can soften particles and increase interparticle forces at elevated
temperatures. Further studies are being conducted in order to
validate the hypothesis.

Castellanos et al.46 found that the overshoot pressure ΔPt
can be directly related to the tensile yield strength σt of
particles via

= Pt t (15)

The tensile yield strength σt can be further used to estimate the
cohesive interparticle forces (Fc) following Molerus.47

=
·

F
d

k (1 )c
p

2
t

mf (16)

Figure 8. Ratio of Umb/Umf at different temperatures.

Figure 9. Pressure overshoots of the fluidized bed at different
temperatures.
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Here, k is the coordinate number and can be estimated by the
bed voidage,48 as shown in eq 17:

= +k 17.517 41.838 37.082 10.8152 3 (17)

By eq 16, the cohesive interparticle forces at the incipient
fluidization can be estimated. The estimated forces show an
almost linear increase with temperature (see Figure 10a). The
Bond number (BO)�the ratio of cohesive interparticle forces
to particle weight�is 7.19, 43.74, 66.77, and 124.17 for T =
20, 200, 400, and 600 °C, respectively. This is consistent with
the results of Valverde and Castellanos,49 which observed a
transition from Geldart C to A in a modified 8.53 μm
xerographic toner with a BO of 550. Hydrodynamic forces (FN)
at the incipient fluidization can be evaluated via eq 18, which is
obtained from the equality between bed gravity force,
hydrodynamic forces, and buoyancy force.50

=F d g
1
6

( )N p
3

p f (18)

Figure 10b shows that the ratio of cohesive interparticle forces
(FC) to hydrodynamic forces (FN) increases with temperature.
FC/FN rises from 5.60 at 20 °C to 93.8 at 600 °C. As illustrated
by Mostoufi,10 the variation in FC/FN represents the transition
in fluidization behaviors, which is also consistent with the
variation of Umb/Umf, indicating that the variation of Umb/Umf
is closely related to that of FC/FN.

The elevated temperature affects the fluidization behavior
via two aspects. On the one hand, it changes the gas properties,
such as gas density and viscosity, which influences the
hydrodynamic interaction between particles and gas. On the
other hand, it alters the surface property of particles, leading to
variation in cohesive interparticle forces. Based on the
discussion, it can be concluded that, at low temperatures, the
change in gas properties due to the elevated temperature is
primarily responsible for the fluidization behavior. At high
temperatures, however, the change in cohesive interparticle
forces caused by the alteration of surface properties becomes
influential. In summary, both facets contribute to the transition
of the fluidization behavior from Geldart B to A. Therefore, it
can be seen that our findings are consistent with those works
obtained by pressure drop measurements, including the
increase in minimum fluidization void fraction,11,12 and the
fluidization transition is also due to the increase in interparticle
forces,13,15 thus showing the temperature effect on fluidization
characteristics changes.

4.5. Bed Expansion Characteristic in Homogeneous
Regime. The ECT measurement allows us to obtain a series
of solid fractions at different superficial gas velocities.
Therefore, we can calculate the bed expansion by observing
the variation of time-averaged solid fractions with respect to
superficial gas velocity.23 Figure 5 shows the variation of time-
averaged solid fraction, as well as its standard deviation, against
the superficial gas velocity. The horizontal ordinates of red
circles are equal to the minimum bubbling velocities at
different temperatures. The figure shows that the time-
averaged solid fraction starts decreasing around the minimum
bubbling velocity. This decrease occurs at 20, 200, and 400 °C
at the minimum bubbling velocity. At 600 °C, however, the
time-averaged solid fraction starts decreasing when the
superficial gas velocity is 0.1 cm/s lower than the minimum
bubbling velocity, indicating the adjustment of bed structure
around the minimum bubbling velocity.

We can verify that the temperature effect causes a transition
in the fluidization behavior of silica particles from Geldart B to
A. However, the bed expansion behavior observed in the
homogeneous regime is different from that of conventional
Geldart A particles when the transition occurs. In the
homogeneous fluidization regime of the traditional Geldart A
particles, the bed expansion behavior can be described by the
Richardson and Zaki equation.51,52 This phenomenon is also
captured in this work by using ECT to measure FCC particles,
which belong to Geldart A particles at 600 °C.

Figure 11 shows the variation of time-averaged solid fraction
and its standard deviation of FCC particles against superficial
gas velocity at 600 °C. From the figure, it is easy to obtain
minimum fluidization velocity and minimum bubbling velocity
from the curve of time-averaged solid fraction against
superficial gas velocity. When the fluidized bed starts fluidizing,
the bed expands, causing the time-averaged solid fraction to
decrease. This superficial gas velocity represents the minimum
fluidization velocity. Additionally, the standard deviation of the
time-averaged solid fraction is slightly varied when the bed
begins fluidizing, which represents a stable state of the fluidized
bed. With the increase in superficial gas velocity, the fluidized
bed continuously expands until the bed enters the bubbling
regime, resulting in a reversal of changes in the time-averaged
solid fraction due to bubble formation and passage through the
bed. At the same time, the formation and movement of
bubbles also induce a violent fluctuation of the standard
deviation of the time-averaged solid fraction. It is found that in
the homogeneous fluidization regime, the time-averaged solid

Figure 10. Variations in (a) cohesive interparticle forces (FC) and (b) the ratio of cohesive interparticle forces to hydrodynamic forces (FC/FN)
against temperatures of silica particles at the incipient fluidization state.
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fraction decreases noticeably with the superficial gas velocity.
The variation in time-averaged solid fraction ranges from 0.63
to 0.55 when crossing the homogeneous regime, equaling a
13% variation ratio. However, when silica particles are fluidized
at high temperatures, the time-averaged solid fraction’s
variation with respect to superficial gas velocity reflects
different fluidization characteristics. From Figure 5, it is
determined that the variation ratio of the time-averaged solid
fraction is only 1.11%, 1.50%, and 3.00% at the temperatures of
200, 400, and 600 °C, respectively, when the bed changes from
the packed bed to the bubbling regime. This indicates that the
fluidized bed does not expand until superficial gas velocity
surpasses the minimum bubbling velocity. This fluidization
characteristic differs from the traditional Geldart A particles,
such as FCC particles, which expands once their superficial gas
velocity meets the minimum fluidization velocity. The
difference in behavior between Geldart A particles (e.g., FCC
particles) and silica particles can be attributed to their different

properties, such as diameter, density, porous structure, and
surface properties, which need further investigation. Also, this
was first measured with a high-temperature ECT sensor and
should be taken into consideration when performing high-
temperature fluidization processes.
4.6. Bubble Characteristics. The characteristics of

bubbles are essential for the performance of gas−solids
fluidized beds. Compared to other techniques, ECT can
measure the solid fraction distribution, allowing us to measure
bubble and emulsion phases.

Based on previous studies, the ability to produce small size
and multiple numbers of bubbles is also a clear characteristic of
Geldart A.8 As described in our previous study,26 using ECT
measurements, we were able to measure the characteristics of
the fluidized bed based on the analysis of time series of average
solid fractions (as displayed in Figure 4). The periodic
variation of bubbles passing through the sensor indicates that
the dominant frequency obtained from the frequency domain
analysis of the time series of the average solid fraction can
represent the bubble behavior.25 Based on this method, we can
distinguish between the single-bubble and multibubble
regimes. The single-bubble regime complies with a dominant
frequency indicating the bubble passing; however, there is no
such frequency in the multibubble regime as the motions of
multiple bubbles are complex. Thus, we compared the
spectrum distribution of the time series of average solid
fractions in order to detect if the bubble pattern of the initial
bubbling state changes with increasing temperature.

Figure 12 shows the spectrum distributions at velocities that
were 0.3 cm/s higher than the minimum bubbling velocities
and different temperatures. By comparing results from slightly
bigger velocities than the minimum bubbling velocity, we can
observe that the fluidization state does not alter with increasing
temperature, and a single bubble with a frequency of

Figure 11. Variations of average solid fraction and its standard
deviation of FCC particles against superficial gas velocity at 600 °C.

Figure 12. Spectrum distributions at velocities that are 0.3 cm/s bigger than the minimum bubbling velocities and different temperatures, (a) 20
°C, (b) 200 °C, (c) 400 °C, (d) 600 °C.
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approximately 3 Hz is more likely to pass through the sensor.
This is also distinct from that of traditional Geldart A particles
such as FCC particles, which more often form multiple bubbles
at the beginning of bubbling. The spectrum distributions of
FCC particles nearby the minimum bubbling velocity are also
displayed in Figure 13. There is no dominant frequency, and
noise is predominant.

Next, we discussed the variation in bubble size. We followed
Agu et al.’s approach and used a fast frequency capacitance
acquisition system (around 115 Hz) to measure average
bubble sizes.53 The process of computing bubble size starts
with identifying whether the bubble is located in the middle
plane of the sensor. This is accomplished by assessing the time
series of the average solid fraction, when the measured value is
equal to the valley level, as shown in Figure 4; further details
can be found in our previous study.31 Afterward, the same
threshold (i.e., 0.3) is employed to differentiate between the
bubble and emulsion phases. We then computed the
equivalent bubble diameter assuming a spherical bubble
using eq 19.

=d
n

A1 4 i
b

b,

(19)

Here, n is the number of individual bubbles and Ab,i is the
projected area when the bubble is located in the middle of the
ECT sensor. The formula to compute the projected area (Ab,i)
is shown in eq 20:
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where A is the cross-sectional area of the bed and Nb is the
number of pixels occupied by bubbles after binarizing the
normalized permittivity distribution into bubble and emulsion
phases. A more detailed explanation of the process for
computing average bubble diameter can be found in prior
studies.31,53

Figure 14a shows the change in average bubble diameter
with temperature over a range of superficial gas velocities,
which range from 1.71Umb to 4.29Umb for 600 °C experiments.
Fast Fourier transform of the time series of the average solid
fraction can be used to identify a dominant frequency that has
the maximum module in the frequency domain. This dominant
frequency can represent the frequency of bubbles passing
through the sensor. Figure 14b shows the variation of
dominant frequency with temperature over the same range
of superficial gas velocities. Figure 14a shows that the average
bubble diameter increases with both increased superficial
velocity and increased temperature at the same superficial gas
velocity. From Figure 14b, it is seen that the dominant
frequencies decrease with increasing superficial velocity but are
not influenced by temperature. Considering a similar dominant
frequency at the same superficial gas velocity and different
temperatures, it can be concluded that the bubble phase
increases with temperature, leading to a reduction in
fluidization quality with an increase in temperature. In
addition, we also computed the average bubble diameter of
FCC particles at different temperatures and relative superficial
gas velocities within a range of 2.5Umb to 8.75Umb for the 600
°C experiments. As shown in Figure 15, there is an inverse
trend between the average bubble diameter and temperature;
the average bubble diameter decreases with an increase in
temperature. The cause for this is discussed below.

We computed the variation of interparticle forces (Fc) and
interparticle forces/hydrodynamic forces (Fc/FN) of FCC
particles against temperature in the incipient fluidization state
based on eq 16 and eq 18, respectively. The results are
presented in Figure 16, which is different from the silica
particle behavior. Bubble size is related to the ratio of
hydrodynamic forces (FN) to interparticle forces (Fc).

15,54 Our
results indicate that the bubble size of silica particles increases

Figure 13. Spectrum distributions of FCC particles at (a) 0.1 cm/s
higher and (b) 0.2 cm/s higher than minimum bubbling velocity
states, 600 °C.

Figure 14. Variation of (a) average bubble diameter and (b) dominant frequency of silica particles with superficial gas velocities at different
temperatures.
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with temperature, while Fc/FN also increases as the temper-
ature increases in the incipient fluidization state. This result is
in agreement with the findings of Ma et al.55 On the other
hand, the bubble size of FCC particles decreases with rising
temperature, and the temperature has little effect on Fc/FN in
the initial fluidization stage. It should be noted that FN is
estimated by the net gravitational force as eq 18. For FCC
particles, the interparticle forces are not sensitive to temper-
ature (seen in Figure 16a), whereas the hydrodynamic forces
increase with temperature due to the increase in gas viscosity at
the same superficial gas velocity.56 The interparticle forces of
silica particles increase with temperature (as indicated in
Figure 10a), and the hydrodynamic forces of silica particles
decrease with temperature since the inertia effect plays a major
role for coarse particles at the same superficial gas velocity.56

Therefore, Fc/FN decreases for FCC particles but increases for
silica particles when the temperature increases at the same
superficial gas velocity.

From the measurements discussed, two different trends of
bubble equivalent diameter variation with temperature were
observed, which reflects the different variation trends of Fc/FN
of silica particles and FCC particles. This indicates that
fluidization quality is dependent on Fc/FN and is not
necessarily improved with an increase in temperature. The
measurement results thus validate the summary by Yates.57

5. CONCLUSIONS
In our research, we discovered that the fluidization behavior of
silica particles, which typically exhibit Geldart B particle
fluidization characteristics at ambient temperature, transitions
to Geldart A particle behavior at elevated temperatures with
the use of a developed high-temperature ECT sensor. Our
research also indicated that the homogeneous fluidization
regime of silica particles exposed to high temperatures can be
visualized by ECT; however, the analysis of the time-averaged
solid fraction against the superficial gas velocity curve indicates
that the fluidized bed does not expand in the homogeneous
fluidization regime as is the case with traditional Geldart A
particles like FCC particles. In the initial bubbling state, the
bed is also typically characterized by a single bubble going
through, rather than multiple bubbles, which is also unlike the
behavior of traditional Geldart A particles. The bubble size
variation of silica particles was also monitored using ECT,
which showed that their size increases with temperature while
that of FCC particles decreases due to the different change
trends of cohesive interparticle forces (Fc) and hydrodynamic
forces (FN) with temperature. Our results showed that elevated
temperature has an effect on the fluidization behavior in a
fluidized bed via two aspects: (1) changing the properties of
the gas, such as its density and viscosity, and (2) altering the
surface property of particles, which then affects the cohesive
interparticle forces between them. At lower temperatures, the

Figure 15. Variation of (a) average bubble diameter and (b) dominant frequency with the superficial gas velocity at different temperatures for FCC
particles.

Figure 16. Cohesive interparticle forces induced by high temperatures: (a) cohesive interparticle force FC and (b) FC/FN of FCC particles at the
incipient fluidization state.
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effect of the interparticle forces is minor, and the change in the
gas properties due to an increase in temperature is more
important. However, at higher temperatures, the enhanced
cohesive forces caused by the modification of the particle
surfaces become much more influential. Both aspects work
together to make a complex yet coupled contribution to the
transition from Geldart B to A and to the different bed
expansion characteristics at high temperatures for silica
particles. Our results also show that the high-temperature
ECT is potentially effective and can be used to measure
fluidized beds under real industrial operation conditions.
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■ NOMENCLATURE
ΔP = Pressure drop, Pa
C = Capacitance vector
S = Normalized sensitivity matrix
g = Normalized permittivity vector
N = Number of pixels in measurement zone, 3228
e = Error vector
P = Function operator
p = Average normalized permittivity of each frame
s = Pixel area
Q = Number of frames of each measurement, 20,000
STD = Standard deviation of the time-averaged solid
fraction
Umb = Minimum bubbling velocity, cm/s
Umf = Minimum fluidization velocity, cm/s
Remf = Reynolds number at incipient fluidization
dp = Sauter diameter of silica particles, μm
Ar = Archimedes number
ΔPt = Pressure overshoot, Pa
Fc = Cohesive interparticle forces, N
FN = Hydrodynamic force, N

Greek Symbols
⌀ = Sphericity
λ = Normalized capacitance vector
α = Optimal step length
β = Average solid fraction of a frame
θ = Average solid fraction of a packed bed
εmf = Void fraction at incipient fluidization
ρg = Air density, g/cm3

μ = Gas viscosity, Pa·s
ρp = Silica density, g/cm3

σt = Tensile yield strength, Pa
Superscript
X̂ = Reconstructed value
X̅ = Average value
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