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Abstract
In this paper fluidization transition from Geldart B to A induced by change in temperature was visualized by high-temperature
electrical capacitance tomography (ECT) recently developed. Silica particles with a Sauter mean diameter of 222 μm and
density of 2650 kg/m3 , which are typically Geldart B particles at ambient condition, were fluidized in a fluidized bed of 5 cm
from 20 to 600 °C. With the increase in temperature, ECT images showed the decrease in superficial gas velocity corresponding
to the onset of bubbles, i.e. the minimum bubbling velocity (Umb ) and homogeneous fluidization regime. The pressure drop
versus superficial gas velocity curves confirmed the existence of homogeneous fluidization between the minimum fluidization
velocity (Umf ) and Umb at elevated temperature. Our detailed analysis confirms that the cohesive inter-particle forces, which
manifest a linear increment with temperature, are responsible for the fluidization transition.

Introduction
Gas-solids fluidized bed reactors operated at high temperature are widely used in industrial processes, including methanol-to-olefins (MTO), fluid catalytic cracking (FCC), coal combustion, metallurgy, and polymerization, because of their good performance in heat and mass transfer.1-7 However, it is discovered
that elevated temperature could change fluidization behavior and, in severe situation, cause defluidization
in fluidized beds.1-6 For example, particle agglomeration in polymerization fluidized bed reactors induced
by high temperature would lead to the reduction of fluidization quality and sometimes undesired reactor
shutdown.1-2 In a metallurgy process, cohesion between particles would be enhanced due to high temperature,
which makes the particles be stuck together and difficult to be fluidized.6 Therefore, it is very important to
understand the change in fluidization behavior, especially fluidization transition in fluidized beds, induced
by elevated temperature.
Geldart classified gas-solids fluidization into four different groups according to the density and size of
particles.8 In the past decades, researchers have investigated the influence of temperature on fluidization
transition between different Geldart groups. Because of the lack of effective measurement techniques at high
temperature, most of the previous work was carried out based on indirect measurement, e.g. pressure or
pressure drop across a fluidized bed. For instance, Botterill et al.9 studied fluidization of sand between 380
and 2320 μm up to 960o C by measuring pressure drop across a fluidized bed, and found that for small solids
between 380 and 530 μm the void fraction at incipient fluidization increases with temperature. Lucas et al.10
confirmed the increase in the minimum fluidization void fraction with elevated temperature for particles
with a narrower size distribution based on pressure drop across a fluidized bed. Lettieri et al.11 measured
pressure drop across a fluidized bed and standard collapse time and compared the fluidization behavior of
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FCC catalysts from ambient conditions to 650°C. They found that the increase in temperature affects both
hydrodynamic and inter-particle forces and thus causes the fluidization transition from Geldart A to C in
the fluidized bed. Shabanian and Chaouki12 investigated fluidization of coarse particles at high temperature
from 700 to 1000o C by pressure measurement, and revealed that the bubbling fluidization of coarse particles
at high temperature is principally impacted by the varying gas density if the cohesive inter-particle forces are
negligible. They also pointed out that the change in physical and/or physico-chemical properties of fluidized
particles and gas due to an increase in temperature should be considered. In addition to pressure measurement, Cui et al.13 used an optical fiber probe to measure the local void fraction and average void fraction
of dense phase to investigate fluidization transition from Geldart A to B for FCC particles in a range of
25-420o C. They showed that the increase in temperature can cause fluidization transition from Geldart A to
B, which they attributed to the enhanced inter-particle attractive force and reduced inter-particle repulsive
force. However, both pressure transducers and optical fiber probe provide indirect measurement and cannot
visualize flow regime transition.
Visualization of fluidized beds at high temperature 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. designed a two-dimensional (2D) fluidization
facility in an electrically heated refractory furnace,14 and applied a video camera to record the fluidization
processes, up to 900o C. They confirmed the looser stable structure in the fluidized bed even at zero gas
velocity induced by enhanced inter-particle forces at high temperature.14 Later, Formisani et al. further
explored the origin of the increase in the void fraction of a packed bed with temperature, and argued that
it is clearly related to a variation in inter-particle forces with temperature and classical correlation can be
directly used if the dependence of void fraction on temperature is correctly accounted for.15 However, these
results were obtained by visualization of 2D fluidized beds, and may differ from the fluidization occurred in
three-dimensional (3D) fluidized beds, where it is difficult to obtain optical images. Recently, Chirone et al.
used an X-ray imaging system together with pressure measurement to study the effect of temperature up to
500o C on the minimum fluidization velocity of different Geldart powders (B, A and C) in a 3D fluidized bed
of 140 mm in diameter.16 The X-ray images can capture flow structure, such as gas channels.16 However,
the low temporal resolution and high cost of X-ray imaging system hinder its application in industry.
Electrical capacitance tomography (ECT) is based on capacitance measurement, and is a visualization technique widely used to measure the hydrodynamics of 3D fluidized beds, in particular, solids concentration
and distribution, bubble size and bubble rise velocity.17-20 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 hence image reconstruction. In 2015, we successfully developed high-temperature ECT sensors, which can withstand up to 1000°C,21-22 and showed that
the high-temperature ECT can work well with fluidized beds up to 800°C.23 Recently, Wang et al. extended
the application of high-temperature ECT to measure a slugging fluidized bed of Geldart D powder up to
650o C.24
This paper describes first time high-temperature ECT applied to study fluidization of silica particles with
mean diameter of 222 μm and density of 2650 kg/m3 , which is typically Geldart B powder under ambient
condition. It is shown that high-temperature ECT can visualize the onset of bubbles and fluidization transition of silica particles from Geldart B to A at elevated temperature. Analysis shows that the results agree
well with previous studies in literature and the transition is due to enhanced cohesive inter-particle forces
induced by high temperature.

Experimental set-up
Figure 1 shows the experimental set-up, i.e. a fluidized bed equipped with a high-temperature ECT sensor,
which can work up to 800o C.23 The fluidized bed is made by a quartz tube of 48 mm inner diameter and 2
mm thick wall. Dried and filtered air is controlled by a mass flowmeter with the range of 0˜30 L/min, and
supplied to the fluidized bed through a porous plate gas a distributor of 1 mm thick. Silica particles were
2
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used in experiments, which were first calcined at 600°C for four hours to stabilize the physical and chemical
properties. The Sauter mean diameter of silica particles is 222 μm, which was measured using a particle
size analyzer (Mastersizer 3000, Malvern Instruments Ltd., UK). Figure 2 shows the size distribution and
typical scanning electron microscope image (SEM) of silica particles. The circularity of silica particles is
0.6144 which is measured by analyzing the SEM images. The sphericity of silica particles is replaced by
circularity following Kanada.25 The physical properties and elementary compositions were measured by a
Philips Magix-601 X-ray fluorescence spectroscopy (XRF) (see Table 1).

Schematic diagram

(b) Photo of experimental facility

Figure 1. Experimental facility, including a fluidized bed equipped with a high-temperature ECT sensor.

Particle size distribution

(b) SEM images of silica particles

Figure 2. Particle size distribution and SEM images.
Table 1. Physical properties and chemical compositions of silica particles.
The total pressure drop across the fluidized bedPtotal, V , as shown in Figure 1, includes pressure drop of
both preheating section and distributor, which was measured by a differential pressure transducer through
the pressure port pointing downward. Each time the pressure drop data were recorded continuously at a
3

sampling rate of 125 Hz and for a duration of 80 seconds. Before an experiment, dried and filtered air was
first supplied to the empty bed. By changing the flow rate, the pressure drop across the empty bed was
obtained at various superficial gas velocities. Then, for a given superficial gas velocity, the pressure drop
was derived by subtracting the pressure drop across the empty bed from the total pressure drop across the
bed:
Pfluidized

bed, V

= Ptotal,

V

− Pempty,

V

(1)

The high-temperature ECT sensor consists of 8 electrodes. The center of the ECT sensor is located at a
horizontal plane, 185 mm above the distributor. The main parameters of the ECT sensor are given in Table
2. It can work up to 800°C. The detailed design was reported in our previous publication.23
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Table 2. Parameters of high-temperature ECT sensor
Parameters
Column inner diameter
Column thickness
Number of electrodes
Electrode thickness
Electrode-to-gap ratio
Electrode length

Value
48 mm
2 mm
8
0.5 mm
4
30 mm

Experiments were conducted with the same amount of silica particles (i.e. 570 g) at four different temperature
settings: 20, 200, 400 and 600°C. For different temperature the gas volumetric flow rate was adjusted based
on the ideal gas equation to ensure that superficial gas velocity was increased with the same interval (0.1
cm/s) from the non-fluidized packed bed to slugging bed. In each experiment, empty bed was first heated
to the set temperature, and pressure drop across the empty bed at different superficial gas velocity was
measured. The ECT sensor was then calibrated for empty fluidized bed as low calibration. Silica particles
were loaded into the bed and air was supplied to fluidize the particles. After the bed temperature became
stable, air supply was gradually turned off to ensure a stable packed bed. After the packed bed had been
stable for 3 minutes, then high calibration was conducted.

Methodology
3.1 Image reconstruction algorithm
For an 8-electrode ECT sensor, in total 28 pairs of inter-electrode capacitance can be obtained and used
to reconstruct the relative permittivity distribution.26 The relation between the capacitance vector and the
normalized permittivity vector can be described by
λ = Sg, (2)
where λ is the normalized capacitance vector with the dimension of 28×1 for an 8-electrode sensor, g is the
normalized permittivity vector with the dimension of 3228×1 in a circular region,27 and S is the normalized
sensitivity distribution matrix with the dimension of 28×3228.
The linear back-projection algorithm (LBP) and the projected Landweber iteration algorithm with an optimal step length are commonly used to obtain the relative permittivity distribution,26, 28
gˆ0 = S T λ, (3)


g k+1
ˆ = P gˆk − αS T (S gˆk − λ) , (4)
P [x] = {

4

0

if

x

x<0
0 ≤ x ≤ 1 , (5)
x>1

if
1

if

where
e(k) = λ − S gˆk

(6)

2

α=

kS T e(k) k
2 . (7)
kSST e(k) k

Note that gˆ0 is derived from the LBP algorithm, which is also regarded as the initial estimation for the
projected Landweber iteration algorithm. In Eq. (6), e is the vector of errors between the measured and
calculated capacitance vectors. The optimal step length α is computed by Eq. (7) according to Liu et al.28 .
P is the function operator defined in Eq. (5). The number of iterations is set to 200 according to our
previous work.27 The LBP algorithm is used for online visualization and the projected Landweber iteration
algorithm with an optimal step length for results comparison considering their characteristics.26, 28 The effect
of temperature on image reconstruction can be referred to our previous work.23
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Measurement of fluidization characteristics
Once the normalized permittivity distribution (ĝ) is obtained, the solids concentration distribution and time
average solids concentration with its standard deviation can be calculated by the following equations.
p=

PN
i=1 gˆi ∗si
P
(8)
N
i=1 si

p=

1
Q

PQ

i=1

pi (9)

β = θ • p (10)
PQ
1
β=Q
i=1 βi (11)
STD =

1
Q

PQ

i=1

2

((β i − β) (12)

where p is the normalized permittivity of each frame; s is the area of each image pixel; N is the number of
pixels (3228 in this work); P is the time average normalized permittivity; Q is the number of frames (20000
in this work); pi is the normalized permittivity of it frame; β is the solids concentration of each frame, β is
the time average solids concentration; βi is the solids concentration of it frame; and STD is the standard
deviation ofβ.
Note that θ is solids concentration of the packed bed, which varies with temperature because the packed bed
height can expand with the increase in temperature. A parallel model is adopted to construct the relation
between the normalized permittivity and the solids concentration as shown in Eq. (10).18, 29
Previous studies have shown that packed bed height increases with the increase in inter-particle
forces.14, 15, 34-36 It should be noted that the estimation of solids concentration from ECT images is closely related to the initial packed bed expansion19, 31, 33, 35 because of the decrease in coordination number
of each particle (details can refer the previous study34 ). A specially designed ruler was used to measure the
packed bed height. The ruler was made by a stainless-steel rod and held by a device mounted on the outlet
of the fluidized bed. It can move freely along the axial direction of the fluidized bed. The packed bed height
was recorded according to the surface, below which particles are clearly adhered to the rod.

5

Results and discussion
4.1 Visualization of fluidization transition
A series of measurements of fluidization at different temperature (T = 20, 200, 400, and 600°C) were carried
out using high-temperature ECT. For each temperature, the superficial gas velocity was increased from 0 to
10.0 cm/s with the stepwise increment of 0.1 cm/s. 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 22.4,
23.2, 24.4, and 25.7 cm for T = 20, 200, 400, and 600°C, respectively. The corresponding average solids
concentrations are listed in Table 3.
Table 3. Average packed bed height and solids concentration at different temperature
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Temperature (o C)
20
200
400
600

Average packed bed height (cm)
22.4
23.2
24.4
25.7

Average solids concentration
0.53
0.51
0.49
0.46

Average void fraction
0.47
0.49
0.51
0.54

Figure 3 shows the solids concentration distribution measured by high-temperature ECT. The images of solids
concentration distribution were obtained by the projected Landweber iteration algorithm with an optimal
step length. As shown in Figure 3, when the superficial gas velocity increases gradually, the occurrence of
bubbles can be clearly distinguished, i.e. the transition to bubbling fluidization at different temperature can
be identified. A careful check with the snapshots of solids concentration distribution at different temperature
suggests that the appearance of first bubble occurs at superficial gas velocity of 3.6, 3.4, 3.2 and 2.9 cm/s
for T= 20, 200, 400, and 600°C, respectively.

Figure 3. Snapshots of solids concentration distribution at different temperature.
4.2 Minimum bubbling velocity (Umb )
It is widely accepted that the minimum bubbling velocity (Umb ) is regarded as the superficial gas velocity
when bubbles first occur8, 37-39 . This definition is apparently vague and general, because it largely depends
on the methods of visualization. For instance, video camera is normally used to obtain images in 2D fluidized
beds. The first occurrence of bubbles in a 2D fluidized bed would be different from that in a 3D fluidized
bed with comparable dimension. As shown above, we can distinguish the occurrence of first bubble in 3D
fluidized bed via ECT images. However, it would be more precise to quantify Umb by plotting the standard
6

Posted on Authorea 10 Feb 2020 — CC BY 4.0 — https://doi.org/10.22541/au.158136895.52198090 — This a preprint and has not been peer reviewed. Data may be preliminary.

deviation of average solids concentration of the bed as the function of superficial gas velocity.28, 40 Figure
4 shows the standard deviation of average solids concentration versus the superficial gas velocity. As can
be seen, there exists an apparent jump of standard deviation for each temperature. We found that the
superficial gas velocity corresponding to the jump agrees well with our observation on the appearance of
first bubble in the fluidized bed. In this sense, we can determine that Umb = 3.6, 3.4, 3.0, and 2.9 cm/s for
temperature T= 20, 200, 400, and 600°C, respectively.

Figure 4. Standard deviation of average solids concentration versus superficial gas velocity at temperature:
(a) T = 20 °C, (b) T = 200 °C, (c) T = 400 °C, and (d) T = 600 °C.
In fact, the pressure-drop versus superficial gas velocity curves can also be used to determine Umb according
to Rapagnà et al.42 , in which Umb is the point where a shallow minimum occurs, as shown in Figure 5. The
minimum bubbling velocity Umb obtained from the pressure-drop versus superficial gas velocity curves is 3.6
cm/s for T =20°C, 3.4 cm/s for T = 200°C, 3.0 cm/s for T = 400°C, and 2.9 cm/s for T = 600°C. This again
verified 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 approach to detecting the minimum
bubbling velocity from the reconstructed images of solids concentration of a fluidized bed.

7
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Figure 5. Pressure drop across the fluidized bed versus superficial gas velocity at (a) T = 20°C, (b) T =
200°C, (c) T = 400°C, and (d) T = 600°C.
4.3 Minimum fluidization velocity (Umf )
Under ambient conditions, silica particles used in our experiments are typically Geldart B particles. Therefore,
the minimum bubbling velocityUmb should be the same as the minimum fluidization velocity (Umf ). To
determine Umf , we followed pressure drops across the fluidized bed versus superficial gas velocity as shown
in Figure 5. It is normally accepted that the point, where the intersection of extrapolated line of pressure
drop across the packed bed and that of the total pressure drop across the full fluidized bed, as can be seen
in Figure 5, is regarded as the minimum fluidization point.41 Based on the pressure-drop versus superficial
gas velocity curves, we could obtain Umf = 3.60, 2.92, 2.48, and 2.40 cm/s for T= 20, 200, 400, and 600°C,
respectively. Apparently, under the ambient condition (T= 20 °C), Umf and Umb are coincided.
Umf is compared with the empirical correlations, showing that the dimensionless Ergun equation can be used
to predictUmf for Geldart B particles with reasonably good agreement even at high temperature41 :
1.75
Re2mf
∅ε3mf

mf
+ 150 1−ε
Remf = Ar(13)
∅2 ε3
mf

where the Reynolds number and Archimedes number are respectively defined as
Remf =
Ar =

dp ρg Umf
µ

(14)

d3p ρg (ρp −ρg )g
(15)
µ2

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, µis the gas viscosity, and g is the
gravitational constant.
Figure 6 compares the measured Umf with the predictedUmf via Eq. (13). As can be seen, at relatively
low operating temperature (T= 20 and 200o C), the measuredUmf agrees well with the predicted Umf . At
8
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relatively high temperatures, however, the pronounced deviation between the measured and predicted Umf
can be observed. Note that in Eq. (13) the effects of gas density and viscosity are taken into account, which
implicitly reflects the influence of high temperature via the change in gas properties. It can be argued that at
relatively low temperature, the influence of temperature on fluidization of silica particles is mainly exerted
via the change in gas properties. At even higher temperature (T = 400 and 600o C), other impact factors,
such as enhanced cohesive inter-particle forces, may play an increasingly important role.

Figure 6. Comparison of Umf obtained from measurements and predictions based on Eq. (13) for different
temperature.
4.4 Fluidization transition from Geldart B to A
According to Geldart, fluidization of Geldart B and A particles has typical features as8 :
• Group B: Bubbles occur when the bed of particles starts to be fluidized, which is featured by Umf / U mb
= 1.
• Group A: A homogeneous fluidization regime, in which no obvious bubbles appear between Umf and
Umb , leading to Umb /Umf > 1. Based on the above measurement results,Umb /Umf is shown in Figure 7.
As can be seen, at ambient condition (T= 20°C), silica particles indeed manifest Geldart B fluidization
behavior, i.e.Umf / U mb = 1. When the temperature is increased to 200o C, the occurrence of first
bubble happens at 1.164Umf , i.e. an interval of homogeneous fluidization between Umf ∼ 1.164Umf was
observed. This is typical Geldart A fluidization behavior. Further increase in temperature to 400o C
leads to an enlarged interval of homogeneous fluidization between Umf and 1.209Umf , which then levels
off to Umf ∼ 1.201Umf at T= 600°C. Thus, it can be obtained that Umb /Umf increases from 1.00 at 20°C
to 1.201 at 600°C, suggesting that the fluidization transits from Geldart B to A when the operating
temperature is increased from ambient to 600°C .
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Figure 7. Ratio of Umb /Umf at different temperature.
To further understand the mechanism underlying the fluidization transition for silica particles used in this
work, we studied the pressure overshoot at the incipient fluidization, which is also shown closely related to the
cohesive inter-particle forces.6, 24-26 Figure 8 shows pressure overshoot, which was obtained by subtracting
the local minimum from the maximum of pressure drop over the superficial gas velocity, as shown in Figure 5.
The pressure overshoot becomes higher with the increase in temperature, suggesting that the cohesive interparticle forces are enhanced with the increase in temperature. It was reported that the existence of alkali
metal elements in silica particles would cause the change in particle surface property at high temperature,
and further increase the cohesive inter-particle forces.30 From Table 1, it can be seen that the silica particles is
mainly composed of Si and O, together with some minor compositions of Al and K. Therefore, the fluidization
transition of silica particles from Geldart B to A at elevated temperatures is mainly due to the enhanced
cohesive inter-particle forces.
Castellanos et al.43 found that the pressure overshootPt can be directly related to the tensile yield strengthσt
of particles via


Pt = ρp (1−εσmft )gHmf + 1 Pc (16)
where Hmf is the bed height at the minimum fluidization. The tensile yield strength σt can be further used
to estimate the cohesive inter-particle forces following Molerus44 :
Fc =

εmf
2
1−εmf dp σt (17)

10
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Figure 8. Pressure overshoot of fluidized bed at different temperature.
By Eq. (17) the cohesive inter-particle forces at the incipient fluidization can be estimated. As can be seen
in Figure 9(a), the estimated cohesive inter-particle force shows an almost linear increase with the increase in
temperature. The Bond number (BO ) that is the ratio of cohesive inter-particle forces to particle weight, can
be calculated as BO = 0, 658, 1255, and 1540 for temperatureT = 20, 200, 400, and 600o C, respectively. Such
high Bond number BO at high temperature may be the reason for the fluidization transition of Geldart B to
A for silica particles. Previous studies under ambient conditions show a typical range of BO less than 1 for
several Geldart A powders (e.g. FCC catalyst and Al2 O3 powders)45 . However, Valverde and Castellanos46
showed that for a modified 8.53 μm xerographic toner with BO of 550, a fluidization transition from Geldart
C to A was observed. The hydrodynamic forceFN can be calculated by44
FN = εmf d2p ρP gHmf (18)
C
It can be compared with the cohesive inter-particle force. Figure 9(b) shows that FFN
increases with
FC
o
temperature. FN is less than 7% at relatively low temperature (20 and 200 C), but increases to more than
C
12% at relatively high temperature (400 and 600o C). A level off of FFN
at high temperature can also be
Umb
at T = 400 and 600o C is
identified, which is akin to the variation of Umf , indicating that the level off of UUmb
mf
FC
closely related to that of FN .

Figure 9. Cohesive inter-particle forces induced by high temperatures: (a) cohesive inter-particle force FC
C
.
and (b) ratio FFN
The elevated temperature may influence the fluidization behavior in a fluidized bed via two aspects. On the
11

one hand, it may change the gas properties, such as gas density and viscosity, which essentially affect the
hydrodynamic interaction between particles and gas. On the other hand, it can alter the surface property
of particles and thus cause varying cohesive inter-particle forces. Based on the above discussion, it can be
concluded that for the silica particles used in this study, at relatively low temperature the effect of cohesive
inter-particle forces plays a minor role, and so the change in gas properties due to elevated temperature
is responsible for the fluidization behavior. At relatively high temperature, the change in particle surface
properties which causes variation of cohesive inter-particle forces due to the variation in temperature becomes
very important. In summary, both aspects make a coupled yet complicated contribution to the fluidization
transition from Geldart B to A as observed in this work.
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Conclusions
By the use of a recently developed high-temperature ECT, we first time observed that the onset of bubbles in
a fluidized bed with silica particles, which typically manifest Geldart B fluidization at ambient temperature,
but shift to a lower superficial gas velocity at a higher operation temperature. Further analysis of standard
deviation of solids concentration derived from ECT images, as well as the pressure drop profile, suggests that
Umb /Umf increases from 1.0 to around 1.2 as the increase in temperature from 20 to 600°C. This indicates
that there exists fluidization transition from Geldart B to A induced by high temperature for silica particles
studied in this work and the visualization of homogeneous fluidization regime by ECT. Our results showed
that the elevated temperature influences the fluidization behavior in a fluidized bed via two aspects: (1)
changing gas properties, such as gas density and viscosity and (2) altering surface property of particles
and thus cohesive inter-particle forces. At relatively low temperature the effect of cohesive inter-particle
forces plays a minor role, and so the change in gas properties due to increase in temperature is responsible
for the fluidization behavior. At relatively high temperature, the enhanced cohesive inter-particle forces
because the change in particle surface properties becomes much more important. Both aspects make a
coupled yet complicated contribution to the fluidization transition from Geldart B to A for silica particles.
These results agree well with previous studies in the literature. The advantages of using high-temperature
ECT to investigate the fluidization behavior include high temporal resolution, robust, reliable, and low
cost. Therefore, high-temperature ECT is promising and is expected to open up a new approach to in-situ
measurement of 3D fluidized beds under real industrial operation conditions.
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NOMENCLATURE:
P :pressure drop
S: normalized sensitivity matrix
G: normalized permittivity distribution
N: Number of pixels in measurement zone, 3228 in this study
e: Error vector
P: Function operator
p: Normalized permittivity
s: Pixel area
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Q: Number of frames of each measurement, 20,000 in this study
STD: Standard deviation of average solids concentration
??? : Minimum bubbling velocity, cm/s
??f : Minimum fluidization velocity, cm/s
Remf : Reynolds number at incipient fluidization
∅ : Sphericity
dp : Sauter diameter of silica
Ar: Archimedes number
Pt : Pressure overshoot
Pc : Fluidized bed pressure drop
Hmf : Bed height at incipient fluidization
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Fc : Cohesive inter-particle forces
FN : Hydrodynamic force
Greek symbols
g: Normalized capacitance vector
?: Optimal step length
β: Solids concentration
θ: Solids concentration of a packed bed
εmf : Void fraction at incipient fluidization
ρg : Air density
µ : Gas viscosity
ρp : Silica density
σt : Tensile yield strength
Superscript
-: Average value
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