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Abstract: Solids holdup as one of the main parameters in characterizing the performance of fluidized
bed reactors is widely concerned. With its development and improvement, visualization technology
has been applied in fluidization because of its little disturbance to the flow. In this study, four types
of particles with different properties are tested in a narrow rectangular fluidized bed equipped with
a high-speed video camera. Calibration curves of these different types of particles are achieved by
correlating the grayscale of the digital images with the corresponding solids holdup. These calibration
curves are further applied to obtain the average solids holdup across the sectional area and local
solids holdup from the center towards the wall in both a gas-solids turbulent fluidized bed and a
circulating fluidized bed to verify the results. The calibration method works well for solids holdup of
different types of particles in both dense and dilute fluidization systems. This method is important to
characterize the fluidization quality and reactor performance with a wide operating condition.

Keywords: solids holdup; fluidization; calibration method; visualization system; image process

1. Introduction

Fluidization technology has been widely used in industrial applications because of
its good gas-solids contact which enables high heat and mass transfer rates, and uniform
temperature distribution [1]. Fluidization experiences different regimes as the gas velocity
increases and the characteristics of each regime are quite significant in the commercial
applications of fluidized beds. Take turbulent fluidization as an example, which occurs
between bubbling and fast fluidization regimes [2-8]; it can provide better contact between
the gas and solid phase due to the absence of intense solids motion, higher gas throughout,
capability of handling fine particles, etc. These special characteristics make the turbulent
fluidization expected in many chemical processes such as fluid catalytic cracking (FCC)
regeneration, Fischer-Tropsch synthesis, the Methanol-to-Gas (MTG) process [9], and the
recent Methanol-to-Olefins (MTO) process [10]. For circulating fluidized beds (CFBs), it is
operated in the transport mode, with gas and solids flowing up from the top of the riser
and the separated solids returning to the bottom of the riser via a standpipe and feeding
or control device. In this mode, gas and solids can be treated continuously so that there
is high gas-solids throughput, effective contact between gas and particles, and a lack of
bypassing of gas with minimal mass transfer limitations and opportunity for separate and
complementary operations (e.g., catalyst regeneration or particle cooling) in the return
loop and so on. From the above, it is known that the common characteristics for both
kinds of fluidized beds are high gas-solids throughput, solids entrainment/circulation,
strong gas-solids contacting, and so on. On the other hand, the strong gas-solids interaction

Processes 2022, 10, 610. https://doi.org/10.3390/pr10030610

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10030610
https://doi.org/10.3390/pr10030610
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-5562-0627
https://doi.org/10.3390/pr10030610
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10030610?type=check_update&version=1

Processes 2022, 10, 610

2 of 14

always means there are complex gas-solids hydrodynamics, such as non-uniform axial
distribution and meso-scale structures like particle clusters.

The gas-solids hydrodynamics in fluidized beds are very important because they
closely relate with the industrial applications and determine the reactor performance. Solids
holdup is one of the main parameters which characterize the gas-solids flow structures
and has important consequences for mixing, heat and mass transfer, and reaction rates in
the fluidized beds. For solids holdup measurements, the techniques used to characterize
the structure of the gas-solid system can be divided into two groups: one is intrusive
probes [11,12], such as the capacitance probe [13,14], sampling probe [15], and optical
fiber probe [16-20], and the other is non-intrusive visualization methods [21,22], such
as laser doppler anemometry (LDA) [23], laser-based images [24], electrical capacitance
tomography (ECT) [25], radioactive particle tracking (RPT) [26], and external visualization
systems with high-speed video cameras [27-29]. The intrusive probes are relatively simple
and effective to measure the local flow properties. However, it is sensitive to the humidity,
temperature, electrostatics, and interference of the electromagnetic field, which limits its
measurement [30,31]. Moreover, its measuring volume is hard to define and the probe’s
intrusion into the bed can cause flow disruption. Therefore, the non-intrusive techniques
are more preferable due to their little disturbance to the flow.

With the development and improvement of modern video cameras and imaging
process methods, the flow pattern inside the fluidized bed can be much clear as exhibited
through images. It can provide fast monitoring of relatively large cross-sectional areas at
high resolution, showing real images of the gas-solids flow in the fluidized bed. As a result,
the external visualization system is more commonly used now as an effective method to
characterize the flow structures [32-35]. However, imaging measurements are often used
to provide qualitative references of the overall flow structure. Recently, it could be used
to study particle cluster parameters such as cluster size, shape, and velocity [27,33—40].
However, it still has serious limitations for quantitative measurement. One of the major
limitations is to get solids holdup quantitatively. The calculation of the solids holdup is
almost available with only low values. It cannot work well in those fluidization systems
with high solids holdup due to the limitation of the method itself [32-34,41]. In this work,
the visualization method is applied to obtain the solids holdup in the fluidized bed of
different fluidization regimes and with particles of different properties by correlating the
grayscale of the digital image with the solids holdup (an image calibration method) [27].

Generally, the distribution of solids holdup in the gas-solid system is non-uniform [42—46].
As shown in Figure 1, the probability density distribution (PDD) of gray values of the
digital image distributes in a wide range and show several peaks, leading to the difficulty in
correlating the image information (the grayscale values) with the solids holdup. To obtain
a stable and homogeneous fluidization with graded solids hold-up, the image calibration
method is proposed with the application of a liquid-solids system instead of the original
gas-solids one because of the homogeneity in the liquid-solids fluidized bed, as shown
in Figure 2. The grayscale values exhibited a narrow distribution and only one narrow
peak, making it possible and easier to build the relationship between the gray value and
the solids holdup. Besides, the liquid used in this study was water, which has no obvious
effects on the refraction of the fluidization field. Therefore, the method is available to obtain
a wide range of operation conditions from dilute to dense fluidization systems.

The present work aims to propose an image calibration method which is suitable for
different types of particles using the external visualization technique with a high-speed
camera. The calibration curve can be further applied in gas-solids fluidization systems
with a wide operation condition, from dilute fluidization, such as fast fluidization and
circulating fluidized beds, to dense fluidization, such as turbulent fluidized beds. The
measurement results by this method can provide detailed information of solids holdup,
which is one of the most important parameters in gas-solids systems without disturbing
the flow field.
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Figure 1. Original image of particle flow in gas-solid fluidized bed and its grayscale histogram.

(a) Original image. (b) Grayscale histogram.
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Figure 2. Original image of particle flow in liquid-solid fluidized bed and its grayscale histogram.
(a) Original image. (b) Grayscale histogram.

2. Experimental Apparatus

The experimental apparatus for the calibration is shown in Figure 3a, consisting of
a narrow rectangular liquid-solids fluidized bed, a U-tube pressure gauge, a light source,
and a high-speed video camera. The rectangular fluidized bed column was made up of
Plexiglas with a cross-section of 150 mm x 15 mm and a height of 1.5 m. The pressure drop
was measured by the U-tube pressure gauge at two ports with a distance of 100 mm.
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2.Air distributor
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Figure 3. Schematic diagram of the calibration system and the fluidized bed for image collection.
(a) Liquid-solids fluidized bed for calibration. (b) Gas-solids fluidization system for image collection.

To verify the calibration method, the image collection in gas-solids fluidization systems
was carried out in a two-dimensional (2D) setup consisting of a riser, a downer, a gas-solids
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separation system, a solids storage vessel, and a solids flow-controlling system, and a
schematic diagram is shown in Figure 3b. The experimental columns were rectangular in
the cross-section. The riser and downer were 12.4 m and 5.0 m high, respectively, with the
same cross-sectional area of 20 mm x 200 mm. The experiments for this study were done
in the riser column, which can be operated as a turbulent fluidized bed and a circulating
fluidized bed riser. More details of the experimental setup can be found in our previous
work [47].

The liquid-solids fluidized bed and the gas-solids fluidized bed, with a relatively
small depth, allowed for the visual observation of clusters and qualitative assessment
of gross solid movement. The depth of the fluidized beds was also sufficient compared
to the particle size so that the wall effect and the interference with particle circulation
were negligible.

A 100-watt LED lamp with an angle of a light cup of 45° and a lifetime of 72 h was
selected as the light source to provide higher luminance and brightness. The lamp had
asize of 12 cm x 9 cm X 8 cm and a weight of 940 g. A diffusion panel was applied to
make the recorded area uniformly illuminated and eliminate both undesirable shadows
and hotspots from appearing in the images.

The high-speed video camera was Phatom VEO710L, equipped with a 12-bit CMOS
sensor and allowing for both frame rates of up to 680,000 fps (frame per second) and a max-
imum resolution of 1280 x 800 pixels at 7400 fps. To ensure the same measuring conditions
for the camera, the video quality was set with 640 x 320 pixels and a spatial resolution of
0.15625 mm/pixel. Output images were uncompressed full frames without any loss of the
original information, guaranteeing the precision of the later image processing.

Three types of materials, including FCC particles with a mean diameter of 87 um and
white quartz sand particles with mean diameters of 76 um and 262 um, were used as the
calibration materials. The physical properties of these experimental materials are listed in
Table 1. The FCC catalyst particle was used for the experiments.

Table 1. Different experimental particle properties.

. Pp Pb Particle Geldart
Particle dp (wm) (kg/m3) (kg/m3) Pb/Pp Color Classification
FCC 87 1519 960 0.64 White/Yellow  Geldart A
Quartz sand 76 2785 1251 0.45 White Geldart A-B
Quartz sand 262 2530 1415 0.56 White Geldart B

The calibration process was needed to quantitatively analyze the image information by
correlating the grayscale of the digital image and the solids holdup inside the rectangular
fluidized bed. To take exact measurements of the grayscale of the image, the solids holdup
was the premise for the quantitative description.

As discussed in the introduction, the liquid-solids system was applied instead of
the original gas-solids fluidized bed. Firstly, blank testes were needed to compare the
refractive index of the air and water phases on the grayscale. Blank tests were carried
out by capturing images of the fluidized bed with only air and water. The results show
that the mean gray value of the image for water is 254.95, which is similar to the value of
254.97 for air, indicating that the influence reflected by the difference refractive index of the
two phases is negligible and it is reasonable to apply the calibration results obtained from
the water-solid system in the air-solid system.

The liquid-solids fluidized bed is good for an accurate grayscale value of the image
with narrow PDD and for both the stable and homogeneous fluidization with graded
solids holdup.

By measuring the pressure drop for the image-measured zoon, the solids holdup for
this zoon could be calculated with the following equation:

P= Pwatergh(l - fs) + Ppghss (1)
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(a1)

£,=0.02

£=0.10

where P is the pressure drop between the measuring ports, puuter is the density of water,
g is the acceleration of gravity, h is the distance between two ports for the pressure drop
measurement, & is the averaged solids holdup, and pj, is the density of the particle.

Then, the solids holdup was related to the gray values of the images to obtain the
calibration curves.

For image processing, it has been mentioned that the image measurement method
based on high-speed video cameras can be used to investigate the overall view of solids
holdup from images by using the calibration curve. By dividing the image into pixel levels
and then converting the gray value of each pixel into solids holdup through correlation
Equation (2), the local solids holdup can be calculated by the mean value of solids holdup,
represented by all the pixels in the local area as shown in Equation (3).

Gi = f(esi) ores; = f(G;) 2)

where ¢,; represents the solids holdup for each pixel of the image and G; is the grayscale
valve for each pixel of the image. Then, the averaged solids holdup & can be calculated by
the following equation.
Y &si
i=N
N
where N is the total number of the pixels for the image.

®)

&i =

3. Results and Discussion
3.1. Calibration Curve for Group A FCC Particles

Figure 4 shows the grayscale images for FCC particles at different solids holdup and
the related grayscale histograms. As shown in this figure, FCC particles can be uniformly
fluidized and dispersed in the water, and the different solids holdup values can be achieved
by adjusting the water flow rate. The gray values distribute in narrow ranges and show
only one peak, indicating the homogeneity in the fluidized bed. The corresponding image
grayscale at each solids holdup is the mean value. In this way, the relationship between the
graded solids holdup and the corresponding mean grayscale can be built.
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Figure 4. Particle image under different solids holdups for Group A FCC particles.

The calibration curve of the graded solids holdup and the mean gray value of the
respective digital images for FCC particles are shown in Figure 5. The solids holdup is well
correlated with the gray values: the exponential correlation between the solids holdup (es)
and grayscales (G) is obtained with an adjusted R square of 0.993.

G = 11.25 + 241.16 exp(—17.03¢,) (4)
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Figure 5. Calibration curve of solids holdup and image grayscale for FCC particles.

The grayscale decreases with the increase of the solids holdup. The decrease was rapid
initially and then became gradually slow as the solids holdup increased. For example, the
mean grayscale is 120 when the solids holdup is 0.05. When the solids holdup increased to
0.1, the corresponding grayscale quickly decreased to 40. The grayscale gradually became
stable when the solids holdup was higher than 0.2.

The results demonstrate that this calibration experiment is a useful method to correlate
the solids holdup and the image information. The calibration curve and the equation can
be used as the basis of image processing and applied in later studies on the solids holdup
in the gas-solids turbulent fluidization.

3.2. Calibration Curve for Group A Quartz Sand

Figure 6 shows the grayscale images and the corresponding histograms for Group
A quartz sand particles at different solids holdups. Quartz sand particles also fluidized
uniformly. The gray values showed an even narrower distribution when compared with
those for FCC particles.

0.4 04
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Figure 6. Particle image under different solids holdups for Group A sand particles.

As shown in Figure 7, the exponential correlation between the solids holdup (&) and
grayscales (G) is obtained with an adjusted R square of 0.988:

G = 20.80 + 219.35 exp(—30.92¢;) (5)
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Figure 7. Calibration curve of solids holdup and image grayscale for Group A sand particles.

Quartz sand showed a similar relationship with FCC particles, exhibiting an expo-
nential decrease with the increase of the solids holdup. For example, the mean grayscale
was 140 at the solids holdup of 0.02 and quickly decreased to 25 when the solids holdup
increased to 0.1. Finally, it became stable at the solids holdups higher than 0.1.

3.3. Comparison of Calibration Curves of Different Group A Particles

Figure 8 illustrates the calibration curves of four different Group A particles: two types
of FCC particles with different colors, one type of quartz sand, and one type of glass bead.
For all the particles, the grayscale decreased exponentially with the increasing of the solids
holdup and finally became stable when the solids holdup reached a certain value.

250
(a) FCC(White) 250 (b) FCC(Yellow)
G = 11.25+241.16exp(-17.03¢) G = 5.75+301.71exp(-45.455,)
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Solids holdup ¢, []

Figure 8. Calibration curve of Geldart A/ A-B particles. (a) Whtie FCC catalyst particle. (b) Yellow
FCC catalyst particle. (c) Quartz sand. (d) Glass bead.

Figure 9 compares the calibration curves of the four types of Group A/A-B particles.
Under the same solids holdup, the glass bead showed the highest grayscale, followed by
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the white FCC particles, the quartz sand, and the yellow FCC particles, which showed the
lowest grayscale, relating to the color of the particles and the bed voidage. In addition, the
solids holdup of white FCC particles could be measured in a wider range because the ratio
of their bulk density to their particle density was smaller. As this ratio increased, the range
of the solids holdup that could be measured became narrower.

250
‘ Particle d (um)p,/p, Color
m FCC 87 0.64 White
200 %\ ® FCC 80 0.45 Yellow
A Quartzsand 76 0.45 White
@ Glassbead 90 0.54 Colorless
& 150 ¢
Q<
]
o
2
© 100 |
O

0.0 0.1 0.2 0.3 0.4 0.5
Solids holdup ¢_[-]

Figure 9. Comparison of calibration curves for Geldart A/A-B particles.

3.4. Calibration Curve for Group B Particles

Figure 10 presents the images and the related grayscale distributions for Group B
quartz sand. Similar with Group A particles, Group B quartz sand could also be homoge-

neously suspended in the liquid, but the grayscale of them showed a wider range than that
of Group A-B quartz sand.

5 5
@1) (@2) 01515 0151525
0.12 0.12
o009 o 0.09
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g o006 & 0.06
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0.09 0.09
8 8
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0.03 0.03
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rayscale [- Grayscale [-]
£,=0.20 £,=0.30
£,=0.20 £,=0.30

Figure 10. Particle image under different solids holdups for Group B sand particles.

Figure 11 shows the calibration curves of two types of Group B particles: the quartz
sand and the glass bead. The exponential correlations for the two types of particles were:

Or quartz sand : G = 147.83 + 107.80 exp(—12.85¢;) (6)

For glass bead : G = 178.49 + 77.92 exp(—11.49¢;) (7)

The quartz sand had a wider range of the grayscale than the glass bead because of
the darker color, which led to the stronger capability of absorbing the light. For both

the two types of Group B particles, the grayscale became stable when the solids holdup
increased to 0.2.
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Figure 11. Calibration curve of Group B particles. (a) Quartz sand. (b) Glass bed.

Figure 12 compares the calibration curves of Group A and Group B particles. For
Group A particles, the change of the grayscale was much larger than that for Group B
particles, but the gray values were much lower than those for the Group B particles. Group
B particles with a larger particle size had larger bed voidage during fluidization, leading to
higher gray values of the images. In addition, the range of the solids holdup that could be
measured varied with the types of particles: for example, the measurement of the solids
holdup for FCC particles was in the range of 0-0.5, while that for quartz sand was in the
range of 0-0.2. In other words, the higher particle density resulted in the narrower change
of the grayscale, reflecting the influence of the particle properties on the fluidization quality.

250 Particle dp(pm) pm/pp Classfication|

FCC 87 0.64 GeldartA
Quartzsand 76 0.45 Geldart A

200 Quartzsand 262 056 GeldartB

-
)]
o

-
o
o

Grayscale [-]

50

0.0 0.1 0.2 0.3 0.4 0.5
Solids holdup, ¢, [-]

Figure 12. Calibration curves of Group A-A-B and Group B particles.

3.5. Method Application in Fluidized Bed System with Group A Particles of FCC

This method can be widely used for different fluidization systems with different kinds
of particles. To show the application in gas-solids flow systems, Group A particles of FCC
were chosen as the bed material and solids holdup was measured in a two-dimensional
gas-solids fluidized bed, as mentioned in Section 2. Solids holdup was obtained in the riser
section under the turbulent and fast fluidized regime. To verify the quantitative measured
results, the experimental data were compared with that obtained by the optical fiber probe
with wide operation conditions.

Figure 13 shows the images for different superficial gas velocities in the turbulent
fluidization mode with an initial bed height of 0.05 m. It shows obviously that images can
reflect the real flow characteristics with high solids holdup in the bottom (z = 0.3 m) and
a low one at a higher axial position (z = 0.8 m) in this turbulent mode. For Uy = 0.6 m/s,
the grayscale of the image becomes lighter when the axial position moves from 0.3 m to
0.8 m above the gas distributor at the bottom of the bed. The corresponding average value
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of the image increases from 55.17 to 100.21. For a constant axial position (take z = 0.8 m
as an example), when the superficial gas velocity increases from 0.6 m/s to 0.8 m/s, the
averaged gray value decreases from 100.21 to 77.39. From the above discussion, it is found
that image measurement can record the gas-solids flow at different operation conditions.

(b1) Averaged gray value = 100.2
0.03
a 0.02
z=08m a o0
o
0.01
U.=0.6mls 0'000 50 100 150 200 250
9 0.04 Averaged gray value, [-]
’ (b2) Averaged gray value = 55.17
0.03
z=03m
o 0.02
a
& _M__
: 50 100 150 200 250
0.04 Averaged gray value, [-]
’ (b3) Averaged gray value = 77.39
0.03
z=08m 2 0.02
o | || |||
0.01
= 0.00
Ug=0.8mis 050 100 150 200 250
0.04 Averaged gray value, [-]
’ (b4) Averaged gray value = 61.89
0.03
z=03m Q002
o
D- M—

50 100 150 200 250

Averaged gray value, [-]

Figure 13. Gas-solids flow images in the gas-solids turbulent fluidized bed of Group A particles with
an initial bed height of 0.05 m. (a) Original iamge. (b) Grayscale histogram.

The solids holdup distribution based on image testing at different operation conditions
is given in Figure 14. It is shown that solids holdup decreases from the bottom to the top
of the bed height at a fixed superficial gas velocity and initial bed height. At a constant
superficial gas velocity of 0.8 m/s, the solids holdup increases with the increase of the
initial bed height (Hy). There is uniform lateral solids holdup distribution in the gas-solids
turbulent fluidized bed. The results are similar to those reported by other researchers under
comparable operating conditions [25]. The experimental data from the image test was also
compared with that obtained by the optical fiber probe (details of the optical fiber probe
can be found in the previous research [48]). From the results, good agreement is shown for
these two kinds of measurement methods with an error within 20%.

The solids holdup distribution based on image testing in a gas-solids circulating
fluidized bed is given in Figure 15. With the increase of the solids circulation rate, the solids
holdup at z = 8.5 m of the riser, as shown in Figure 15a, increases significantly, which shows
the same trend as described by other researchers [27,34]. The experimental data from the
image test is well agreed with that obtained by the optical fiber probe with an error within
20%, as shown in Figure 15b. For the lateral distribution of the solids holdup across the
cross-sectional area of the gas-solids circulating fluidized bed, as shown in Figure 15¢, it
is shown that the solids holdup increases from the central of the bed towards the wall.
Su et al. reported the same lateral profile characteristic in an 18 m high riser at similar
operating conditions [49]. For the constant superficial gas velocity, the solids holdup in
the lateral direction increases with the increase of the circulation rate and vice versa. The
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agreement between the image test and the optical fiber probe measurement is good for the
lateral distribution of the solids holdup, which is shown in Figure 15d.
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4. Conclusions

A calibration method for quantifying the solids holdup in the fluidized bed was
investigated in this work. The calibration curves of four types of particles, including Group
A and Group B particles, were obtained in a narrow rectangular liquid-solids fluidized bed
and compared. It was found that this calibration method can be used for a wide condition
with different kinds of particles and fluidization regimes. The particles’ properties, such
as the particle color, the particle size and density, and the bulk density, have effects on the
calibration curves.

Both Group A and Group B particles could be uniformly fluidized and suspended in
the liquid instead of non-uniformly distributed in gas-solids state, and the grayscale of the
digital images shows a narrow range and only one peak rather than a wide range with
several peaks, making it possible to correlate the grayscale with the corresponding solids
holdup. For both Group A and Group B particles, the grayscale exhibited an exponential
relationship with the solids holdup, decreasing rapidly and then becoming stable with the
increase of the solids holdup.

For Group A particles, the change of the grayscale with the solids holdup was much
larger than that for Group B particles and the particle density also affected the calibration
curves. The higher particle density led to narrower change in the solids holdup, providing
qualitative indications on the flow characteristics.

Based on the calibration method for image testing, both averaged and local solids
holdup can be obtained quantitatively for different fluidization regimes and particles
with different properties. The results obtained by using the calibration curve have good
agreement with that obtained by the optical fiber probe, which has been widely used for
flow structure-testing in fluidized bed reactors.
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Abbreviations

dp particle size (um)

G grayscale

G; grayscale for each pixel of the image
g gravitational acceleration (m/s?)

h height (m)

Uy superficial gas velocity (m/s)

P pressure drop (Pa)

z axial coordinate (m)

Greek letters
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£ solids holdup

& solids holdup for each pixel of the image
Ob bulk density of the particles (kg/m?)

Op particle density of solids (kg/m?)

Quwater density of water (kg/ m?)

Subscripts

b bulk

8 gas

p particle

5 solids
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