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Abstract: The mechanisms underlying homogeneous fluidization of Geldart A particles have been
debated for decades. Some ascribed the stability to inter-particle forces, while others insisted a
purely hydrodynamic explanation. Valverde et al. (2001) fluidized 8.53—um (i.e., Geldart C)
particles by the addition of fumed silica nanoparticles and found that even during homogeneous
fluidization both solid-like and fluid-like behavior can be distinguished. However, it is still unclear
whether both states exist for true Geldart A particles. In this paper, particulate fluidization
characteristics of three typical Geldart A powders were studied by camera recording, electrical

capacitance tomography, and pressure fluctuation. For the first time, the existence of both solid-



like state dominated by inter-particle forces and fluid-like state by fluid dynamics during
homogeneous expansion of Geldart A particles was experimentally verified. Furthermore, the
ability and performance of the used measurement techniques to identify different flow regimes
were compared.

Keywords: Geldart A particles; homogeneous fluidization; electrical capacitance tomography;

pressure fluctuation; solid-like; fluid-like

1. Introduction

Gas-solid fluidization occurs when a bed of particles is suspended by an upward gas flow that
exceeds the minimum fluidization velocity (umf) required to balance the weight of particles.
Fluidization behavior depends much on the physical properties of particles employed. Geldart?
suggested a classification diagram for particles fluidized in air under atmospheric conditions based
on the mean particle size and density difference between particles and surrounding fluidization
medium. This diagram has later become a standard to demarcate the behavior of gas-solid
fluidization.? According to Geldart’s classification, particles of size less than 30 pm belong to
Group C and fluidize poorly due to strong cohesive forces compared to their gravity. Conversely,
Group D particles have the biggest size typically larger than 800 um, and the fluidization of Group
D particles often demonstrates a spouting behavior. Particles of intermediate size are classified
into two groups according to whether bed bubbles or not when the superficial gas velocity (ug) is
larger than ums. For Group B particles that have the size between 100 pm and 800 pm, bed bubbles

immediately after ums. While for Group A particles, the size is between 30 um and 100 pm, and



there is an interval of non-bubbling expansion regime (also called homogeneous fluidization or
particulate fluidization) between umt and the minimum bubbling velocity (ums), in which no
macroscopic bubbles appear.

Although homogeneous fluidization of Geldart A particles has received considerable attention
for a long time,®'? it is still debated whether it originates from inter-particle forces or
hydrodynamic factors.'®* Menon and Durian® found that particle velocity fluctuations are
essentially zero during the interval of homogeneous fluidization, which led them to conclude that
enduring contacts of particles make particles stay at rest and thus the bed keeps solid-like. Rietema®
demonstrated that inter-particle forces like cohesion and friction can give an effective elastic
modulus to keep the bed surface stable rather than sliding off when a homogeneous fluidized bed
is tilted. On the other hand, the inter-particle force explanation was argued by researchers who
tended to attribute the stability to the effect of pure fluid dynamics. Cody et al.® measured granular
temperature, which is a metric of velocity fluctuation of particles, using an acoustic shot noise
probe, and found that once ums is reached, the average granular temperature increases with the
increase in ug, showing a fluid-like behavior. From a theoretical viewpoint, Garg and Pritchett®
reported that the stability of homogeneous fluidization can be well predicted by adding a fluid
dynamic force to the linear momentum balance equation of solid phase. Similarly, Foscolo and
Gibilaro* claimed that a theoretical criterion proposed based on the interaction between particles
and fluid enables a full prediction of the onset of bubbling in fluidized beds.

Valverde et al.»**6 were pioneers who tried to clarify the debate by experiments. By adding

fumed silica nanoparticles, they fluidized a commercially available xerographic toner with the



volume average diameter of 8.53 pum,** which actually belongs to Geldart C powder? (see later in
Figure 1d). Surprisingly, their results showed that because of the reduced cohesion between grains
by the added fumed silica nanoparticles, the system exhibits a considerably wide interval of
homogeneous expansion with the ratio of ump to umsabout 40, which is much higher than that of the
normally used Geldart A particles, say 1~3.1” Within such a wide interval, they investigated the
bed structure in detail and found that both solid-like and fluid-like states exist in the homogeneous
fluidization regime, indicating that the stability of homogeneous fluidization may have two distinct
origins: in the solid-like state, inter-particle forces dominate; while in the fluid-like state,
hydrodynamic factors dominate. Later, the same research group® explored the effect of particle
size on the extension of the fluid-like state using four sets of nanoparticles-coated powders with
the sizes of 7.8 um, 11.8 pm, 15.4 um, and 19.1 um, showing that the fluid-like state shortens as
the particle size increases. An extrapolation of their results indicates that there would be only solid-
like state in the homogeneous expansion regime for particles with the size larger than 40 pum.
However, it is evident that these conclusions were drawn based on the modified Geldart C particles.
To our best knowledge, there is yet no experimental report on whether both solid-like and fluid-
like states exist for true Geldart A particles.'® For example, a recent work*® found that a magnetic
field can extend the stable fluidization interval of a magnetic powder with the average size of 26.2
um, which is on the boundary of Geldart A and Geldart C particles, but still the bed bubbles just
after the solid-like state.

It should be stressed that, however, fluidization behaviors of the modified Geldart C particles

and true Geldart A particles are different from each other. In addition to some apparent fluidization



characteristics such as the expansion ratio, maximum free volume, and ratio of Ump t0 Umf, the
modified Geldart C particles undergo a dynamic aggregation process,*82%-2 while for Geldart A
particles, it is still questioned whether or not aggregates present in the homogeneous expansion
region.?*?6 Homogeneous fluidization of Geldart A particles is of great relevance: for fundamental
research, it is closely associated with the instability and origin of mesoscale structures in fluidized
beds;® for industrial application, the optimal operation for particles circulation in fluidized bed
reactor-regenerator systems, such as in fluid catalytic cracking (FCC) and methanol to olefins
(MTQO) processes, is achieved when particles flow downwards a standpipe in a bubble-free
condition,?” which is actually homogeneous fluidization. Furthermore, homogeneous fluidization
features naturally for Geldart A particles, but not for Geldart C particles. Therefore, it is significant
to investigate whether both solid-like and fluid-like states exist in the homogeneous expansion
regime for true Geldart A particles as well.

In fact, before the experimental works by Valverde et al.,*4® Fortes et al.*? suggested a similar
distinct-origin mechanism using a two-fluid model for particles with the ums of 2.4 mm/s (note that
this value is close to the ums of the particles used in this work), which should be categorized to
Group A. Ye et al.'*'? performed numerical simulations using discrete particle model (DPM) for
homogeneous fluidization of Geldart A particles, and found that some typical features in the
homogeneous fluidization regime such as homogeneous bed expansion and gross particle
circulation can be simulated. Although the existence of both solid-like and fluid-like states was
not mentioned in their works, it is clearly noted that the particle velocity fluctuations at the former

three points in Figure 11 given by Ye et al.** and the former four points in Figure 3 given by Ye et



al.'? are definitely different from other points in the homogeneous expansion regime, and seem to
behave like those in the fixed bed. These simulation works imply that both solid-like and fluid-
like states may also exist in the homogeneous expansion regime for Geldart A particles, which,
however, needs further experimental verification.

In this work, particulate fluidization characteristics of three typical Geldart A powders were
carefully investigated by three widely used measurement techniques, i.e., camera recording,
electrical capacitance tomography (ECT), and pressure fluctuation. The purpose of the work is to
validate whether both solid-like and fluid-like states exist in the homogeneous expansion regime
for Geldart A particles by experiments. The organization of this article is as follows. First,
experimental setup, measurement techniques, and experimental methods are briefly introduced.
Then, measurement results from different techniques associated with the corresponding discussion
are presented, followed by a short comparison on the ability and performance of the used three
measurement techniques to identify different flow regimes. Subsequently, different fluidization
behaviors between true Geldart A particles and modified Geldart C particles are compared. Finally,

the paper ends with some conclusions.

2. Experimental setup and methods
2.1. Experimental setup and measurement techniques

All experiments were carried out in a cylindrical fluidized bed with a twin-plane ECT sensor,
a differential pressure transducer, and a camera, as shown in Figure 1a. The fluidized bed was a

quartz glass column with the height of 1 m and inner diameter of 5 cm. Air flow under ambient



conditions was distributed to the bottom of the column using an expanded polystyrene foam with
the average pore size of 10 um. Preliminary tests revealed that such a distributor can induce a
uniform and stable gas flow across the cross-section of the bed. The flow rate of air was precisely

controlled by a Brooks mass flow controller (Brooks SLA5800 Series).

[Figure 1. (a) Experimental setup. (b) ECT sensor structure. (c) Particle size distribution of the

powders. (d) Situation of the powders in the Geldart diagram.]

The ECT sensor consisted of two planes to obtain the cross-sectional overall solid
concentration at two different heights. The mid-position of the lower and upper planes located at
11.25 cm and 26.25 cm above the distributor, respectively. Both planes had the same structure, as
shown in Figure 1b, with eight electrodes being stuck to the outside wall of the bed and covered
by an earthed screen to eliminate external interference. An AC-based ECT system? with 16
channels was used to measure the inter-electrode capacitance. Because the length of each electrode
was 2.5 cm, the obtained overall solid concentration is an average over the measurement region
encompassed by the vertical height of the electrodes.

The differential pressure transducer was used to measure the bed pressure drop and its
fluctuation. To prevent disturbance to the flow, the positive and negative sides of the transducer
were connected to taps below the distributor and at the top end of the freeboard, respectively. The
pressure drop across the distributor was first determined as a function of ug with the tube empty.

Then, the pressure drop across the bed itself was obtained by subtracting the distributor pressure



drop from the measured total pressure drop.’

To enable visual observation of fluidization behavior, an Olympus i-speed 3 camera was also
used. In each measurement, the lens of the camera was always adjusted to be focused on the bed
surface. Along the front side of the column, a paper ruler was taped to measure the bed height.
2.2. Measurement of the overall solid concentration using ECT

The measurement principle of ECT is to reconstruct permittivity distribution as a presentation
of material distribution inside the sensing area based on the measured inter-electrode capacitance
and a specific image reconstruction algorithm. Successful application of ECT strongly depends on
the employed algorithm. Yang and Peng?® have evaluated a variety of algorithms including single-
step and iterative ones, and suggested that Landweber iteration technique with a projection can
provide the best results for most cases, which was further confirmed by Guo et al.* The formula

of the projected Landweber iteration is written as

Gk = P[Gy—y + aST(A — SGy-1)] 1)
0 if f(x)<O0

P[f()]=4f(x) if0=<f(x)<1 )
1 if f(x)>1

where G is a vector indicating the normalized permittivity distribution, i.e., the reconstructed grey
level in each image pixel, S is the normalized sensitivity matrix, ST is the transpose of S, « is the
step length, and k is the index of iteration steps. A large « can speed up the iteration process, but if
it is too large the process will be difficult to converge. In this work, « takes a constant value of 2
following Yang et al.3! The projection operator P in the Landweber iteration method is used to

constrain the estimated image to ensure G < [0,1].



The initial estimation Go in Equation 1 is calculated by linear back projection (LBP) method,

which is the simplest single-step algorithm for ECT, as formulated by

Go = =2 )

- ST‘U.)L

where u; is a vector of ones. The division in the LBP method is manipulated in a one-to-one mode,
that is to say, one numerator component is divided by the corresponding denominator component.?®
The parameter / in Equations 1 and 3 is the normalized capacitance vector, and is expressed

as

_ Ccm—Cy
A= e 4)

where Cw is the measured capacitance vector for an arbitrary distribution, and C and Cn are the
capacitance vectors measured in an empty and packed bed, respectively. The procedure to obtain
Cv. (low calibration) and Cx (high calibration) is known as system calibration.

Equation 5 is commonly used to calculate the sensitivity matrix:

* - _ Voi(xy) Voi(xy)
Sii(xy) = ffp(x'y) 7, v; dxdy (5)
where S is the sensitivity between the i-j electrode pair at the location of the pixel p(x,y) and
pi(x,y) and gj(x,y) are the potential distributions inside the imaging area when the ith and jth

electrodes are excited by applying voltages of Vi and Vj, respectively. Thereafter, the normalized

sensitivity matrix S is calculated as

Sin
S = S S ©
where Smy and S,,, are the entries in the mth row and nth column of S and S”, respectively, and N

is the number of pixels in the imaging area. For more detailed information regarding image

reconstruction using ECT, interested readers can refer to the work by Guo et al.*



Although the projected Landweber iteration algorithm can reconstruct satisfied images, the
results are still poorer than those recorded directly by a camera due to the “soft-field” of ECT,?°°
especially when the bed is in the homogeneous expansion regime, where no macroscopic bubbles
appear. In addition, it has been confirmed that the raw capacitance and overall solid concentration
signals obtained by ECT are much more sensitive to a small change of flow patterns than
images.>>% Therefore, these two quantities, but not the reconstructed images, are used following
previous works.>33% Here, the raw capacitance is the average over all possible electrode pairs and
the overall solid concentration g is obtained via pixel averaging:

B=6-G=6 Z;Nl% @)
where 6 is the packed bed solid concentration, which was estimated as 0.61 for all three studied
powders, and s is the area of each image pixel.

2.3. Materials and experimental procedure

Three powders, i.e., two kinds of FCC powders and a AlOs powder, were used in this
research. Figure 1c shows their particle size distributions and Table 1 summarizes their physical
properties, including particle density, Sauter mean diameter, and fine particles content. According

to Geldart’s classification! as shown in Figure 1d, the fluidized particles used in this work all

belong to typical Group A particles.

[Table 1. Physical properties of the powders]

As mentioned before, the ECT sensor needs to be calibrated before measurements can be



taken. At first, low calibration, in which C. is measured, was done by emptying the fluidized bed.
Then, a known amount of a specific powder was poured into the bed. Next, ug was set to a
sufficiently large value to make the bed fluidize in the bubbling regime. When the bed reaches a
steady state, ug was decreased to zero slowly, causing the bed to finally a packed state with the
static bed height of approximately 38 cm. Then high calibration, in which Cy is measured, was
performed.

Both fluidization and defluidization experiments were carried out. In each experiment, ug was
increased in a fluidization process or decreased in a defluidization process using a stepwise method,
and the change in velocity in every adjustment was kept small. At each velocity, runs of 15 minutes
duration were conducted. Then, the measurement results were recorded in a 100 seconds period
with the data acquisition rates of 60 Hz, 120 Hz, and 10 Hz for ECT, pressure, and camera,

respectively. To ensure the consistency of the results, each experiment was repeated three times.

3. Results and discussion
3.1. Visual observations from the camera

Figure 2 shows an example of four consecutive snapshots at different superficial gas
velocities for FCC | powder. More intuitive and informative presentations are shown as videos in
Supporting Information Videos S1 and S2, in which a collection of 60 photos recorded by the
camera in a time duration of 6 seconds is included at each superficial gas velocity. In Figure 2 and
Videos S1 and S2, the tags on the top right of the snapshots indicate the sequence number in the

60 consecutive photos and the corresponding bed height. The bed surface is at the location of 4.5



mm in the paper ruler when ug is 0 mm/s.

As can be seen, with the increase in ug, the bed surface exhibits different behavior. Three
different flow regimes, i.e., fixed bed, homogeneous fluidization in a conventional sense, and
bubbling fluidization can be clearly identified. In the fixed bed regime (see Figure 2a and Video
S1la), the bed surface remains stationary at a constant location that is the same as that in the initial
packed bed and the topography of the bed surface is also the same for different velocities. Note
that the folds on the bed surface are formed in the sedimentation procedure (see section 2.3.). In
the homogeneous fluidization regime (see Figures 2b and 2c and Videos S1b and S2a), the bed
expands gradually with the increase in ug, and in each ug, the bed height remains stable without
any macroscopic bubbles that can burst to cause the bed surface to oscillate.*** Upon further
increasing ug, the bed begins to be operated in the bubbling regime, and some characteristic
fluidization features in the bubbling regime, such as obvious big bubbles bursting on the bed

surface and oscillating bed height,**! can be easily seen in Figure 2d and Video S2b.

[Figure 2. Visual snapshots taken by the camera: (a) ug = 1.27 mm/s in the fixed bed regime, (b)
ug = 3.18 mm/s in the solid-like homogeneous fluidization regime, (c) ug = 5.09 mm/s in the
uniform non-bubbling fluid-like fluidization regime, and (d) ug = 7.85 mm/s in the bubbling

fluidization regime. The fluidized powder is FCC I.]

Although both Figures 2b and 2c or Videos S1b and S2a belong to the homogeneous

fluidization regime featured with a stable bed height, a careful check suggests that there are still



differences between them. In Figure 2b and Video S1b, the bed surface remains static just like that
in the fixed bed regime and the topography of the bed surface remains invariant for a certain
velocity. In fact, not only on the bed surface, but also at other locations, no apparent particle
movement can be seen. While in Figure 2c and Video S2a, the bed surface is no longer static. By
contrast, some dynamic undulations and small bubbles are shown on the bed surface. These small
bubbles are not obvious bubbles that have the diameter of 5 mm as recognized as the beginning of
the bubbling regime by Geldart,! because they cannot make the bed height oscillate, which is a
characteristic feature in the bubbling regime. Instead, these small bubbles are more like voids and
cavities in literature,'®2¢ and will be named as microscopic bubbles to be distinguished from the
macroscopic bubbles in the bubbling regime. Note that the size of the bed used by Geldart!, say 5
cm, is the same as that used in this work. Moreover, particle movement within a small range can
also be seen at other locations of the bed in this regime.

Overall, the snapshots shown in Figure 2b and Video S1b display a solid-like behavior, in
which the bed remains static, while those in Figure 2c and Video S2a show a fluid-like behavior,
in which microscopic bubbles and particle movement can be seen. It can be then concluded from
these observations that both solid-like and fluid-like states exist in the homogeneous fluidization
regime for FCC | powder.

The above findings are based solely on the visual observations from the camera. However,
the application of the visual observation method is known to be limited. Therefore, the exploration
using other measurement techniques is necessary. The following will show the fluidization

characteristics measured by ECT and pressure fluctuation methods. Note that, as seen from the



visual observations and previous works by Valverde et al.®, the apparently homogenous fluid-like
state is characterized by the presence of microscopic bubbles. Therefore, the solid-like state will
be named as “solid-like homogeneous fluidization regime”, while the fluid-like state will be named
as “uniform non-bubbling fluid-like fluidization regime” in the following text.
3.2. ECT measurement results

Time and frequency domain analysis of the overall solid concentration can be used to identify
fluidization regime and its transition in the fluidized beds.®”*° In this section, the overall solid

concentration is analyzed on the basis of standard deviation (Sd) and power spectral density.

[Figure 3. Sampled signals of the overall solid concentration at ECT upper plane for different
flow regimes: (a) ug = 1.91 mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like
homogeneous fluidization regime, (c) ug = 5.31 mm/s in the uniform non-bubbling fluid-like
fluidization regime, and (d) ug = 7.85 mm/s in the bubbling fluidization regime. The fluidized

powder is FCC |.]

Figure 3 shows the transient overall solid concentration signals at ECT upper plane for the
fixed bed, solid-like homogeneous fluidization, uniform non-bubbling fluid-like fluidization, and
bubbling bed regimes. The ordinate range of Figures 3a, 3b, and 3c is set to be the same, say 0.01.
It can be seen that the overall solid concentration varies significantly in amplitude for different
flow regimes. Obviously, the fluctuation of the overall solid concentration increases with the

evolution of fluidization regime, and more specifically no marked fluctuation is observed in the



fixed bed and solid-like homogeneous fluidization regimes, while a small but clearly recognizable
fluctuation is seen in the uniform non-bubbling fluid-like fluidization regime, and the fluctuation
becomes more significant when the bed is in the bubbling regime.

Figure 4 shows the average and Sd of the overall solid concentration as a function of ug in a
fluidization process for both ECT lower and upper planes. The repeated experimental results in
three separate measurements at ECT upper plane are shown in Figures 5a and 5b to show the
consistency of the results. As can be seen, there are two clear turning points occurring for the
average concentration with increasing ug. In a recent paper,*! it has been verified that the first
turning point corresponds to ums. Because in the fixed bed regime, the constant bed height results
in an unchanged solid concentration, and when urf is reached, the solid concentration starts to
decrease monotonously as a result of bed expansion in the homogeneous fluidization regime. The
second turning point is inferred to refer to the so-called bed contraction phenomenon,*“® because
for Geldart A particles, the bed expands gradually in the homogeneous fluidization regime, and
then expands to the maximal height in the vicinity of ums, after which the bed collapses due to part
of gas rises in the form of macroscopic bubbles, leading to the increase in the average concentration.
It is also important to highlight that in both the solid-like homogeneous and uniform non-bubbling
fluid-like fluidization regimes, the average of the overall solid concentration at ECT lower and
upper planes almost coincide with each other, confirming that the bed in these two states is truly
uniform. When uq is further increased to the bubbling regime, a heterogeneity of the overall solid
concentration along the axial direction of the fluidized bed is presented, and more specifically the

concentration at upper plane is higher than that at lower plane, which seems inconsistent with



previous conclusion* that bubble size increases along the bed height and so that the overall solid
concentration decreases with the height. However, Figures 5, 7, and 11 in a recent experimental
and computational study by Liu et al.* also show a similar trend of the axial profile of solid
concentration in a bubbling fluidized bed with Geldart A particles. These observations can be well
explained by the compromise between the bubble growth in the bottom zone and bed collapse in
the upper zone of the bed when ug is relatively low (in Figure 4, the maximum of ug is 9.76 mm/s).
Indeed, it was found that when ug exceeds approximately 3 times the umn, the overall solid

concentration at lower plane is higher than that at upper plane (not shown).

[Figure 4. Average and Sd of the overall solid concentration at both ECT lower and upper

planes against ug. The fluidized powder is FCC 1.]

For Sd of the overall solid concentration, it is obvious from Figure 4 that there are three
plateaus (see the tag in Figure 4), in which Sd only shows a little change against ug in each plateau.
According to these three plateaus, the curve is divided into four sections as shown in Figure 4. It
is demonstrated by the videos taken in each section as shown in Supporting Information that these
four sections correspond to the fixed bed, solid-like homogeneous fluidization, uniform non-
bubbling fluid-like fluidization, and bubbling bed regimes, respectively.

In the fixed bed regime, the bed surface is at the location of 4.5 mm in the paper ruler, and Sd
of the overall solid concentration is a little higher than zero due to measurement noise. Then in the

solid-like homogeneous fluidization state, although the bed expands with the increase in ug, the



bed surface remains static like that in the fixed bed regime, and Sd increases a little, possibly
because of the enlarged noise (see later in Figure 6) associated with electrostatic effects generated
by particle-particle friction.*® When ug is further increased to the uniform non-bubbling fluid-like
fluidization regime, the bed continues to expand with a stable bed height. But because of the
appearance of microscopic bubbles and particle movement as shown in Figure 2c and Video S2a,
Sd shows an increase compared to the solid-like homogeneous fluidization state. For the same
reason, a small fluctuation of Sd is shown in the third plateau for the uniform non-bubbling fluid-
like fluidization regime, while Sd is nearly constant in the first two plateaus for the fixed bed and
solid-like homogeneous fluidization regimes. When the bed is operated in the bubbling regime,
the bed height begins to oscillate. As a result, Sd of the overall solid concentration also increases
sharply. Especially, Sd in the bubbling regime is ten times more than that in other three regimes.
In Figure 4, labels indicating umf, Umn, and the transition velocity between the solid-like
homogeneous and uniform non-bubbling fluid-like fluidization regimes uc'* are marked. Note that
here, umf, Uc, and ump are identified from the terminal point of each plateau in the plot of the Sd of
the overall solid concentration against ug. In fact, it was found that the ECT experimental results
show good consistency with those obtained from visual observations: the obtained ums in this way
is identical to that from pressure drop measurements (to be discussed later) and visual observations,
at which the bed begins to expand; the obtained uc is the same as that from visual observations, at
which microscopic bubbles begin to appear on the bed surface; and the obtained ums also equals to
that from visual observations, at which the bed height begins to oscillate and the first clearly

recognizable bubble with the size larger than 5 mm on the bed surface is captured.! The



experimental values of umf and ump for FCC | powder are 2.55 mm/s and 7.00 mm/s, respectively,
which are very close to the predicted values of 2.57 mm/s and 7.08 mm/s by the empirical

correlation of Abrahamsen and Geldart,'” as expressed in Equations 8 and 9:

X 1.8
]0 934dp

[(pp—Pg)g
mse = 0.0009 X =5 (8)

0.06
dpPg
#g0.347

Ump e = 2.07 X X EXP(0.716 X F,5) 9)
where p, and u are the density and viscosity of air under ambient conditions, respectively, g is
the gravitational acceleration, Fas is the fraction of fines with the size less than 45 um, and ums and
Umb With the subscript ¢ mean the values calculated from the empirical correlation. It is also noted
from Figure 4 that the second turning point in the curve of the average solid concentration for both

ECT lower and upper planes, which corresponds to the bed contraction phenomenon, is a little

higher than the marked ump. Similar results can be found in the DPM simulations by Wang et al.*?

[Figure 5. Repeated experimental results in three separate measurements for FCC | powder: (a)

and (b) are ECT measurement results; (c) and (d) are pressure fluctuation results.]

To exclude the effect of the used Landweber iteration algorithm on the identification of
different flow regimes based on the calculated overall solid concentration, the average and noise-
to-signal ratio (NSR) of the raw capacitance at ECT upper plane as a function of ug are plotted in
Figure 6. The noise-to-signal ratio here is defined as the reciprocal of the signal-to-noise ratio
(SNR), which is usually used to indicate the original signal quality of ECT.?3*° SNR and NSR are

formulated, respectively, by Equations 10 and 11:



SNR = 20 x | TG
- 09103, (c~0y?

(10)

NSR = — (11)
where C; is the capacitance averaged over all possible inter-electrode in a frame and C is the
average of Cj over all frames (K) measured in a certain velocity. As can be seen, the profiles of the
average and NSR of the raw capacitance agree well with the average and Sd of the overall solid
concentration, respectively. Therefore, time domain analysis of both the overall solid concentration
and raw capacitance can be used to characterize fluidization regime transition in fluidized beds.>*
35 From Figure 6, it is noted that the NSR is very stable in the fixed bed and solid-like homogeneous
fluidization regimes, indicating that the fluctuation of the raw capacitance or overall solid
concentration in these two regimes is only due to measurement noise. Especially, the SNR is

calculated to be as high as 66 dB in the fixed bed regime, showing the robust performance of the

used AC-based ECT measurement system.

[Figure 6. Average and NSR of the raw capacitance at ECT upper plane against ug. The

fluidized powder is FCC 1.]

Frequency domain analysis can supplement the information obtained from time domain
analysis, such as the standard deviation. In Figure 7, the power spectral density of the overall solid
concentration for different flow regimes calculated using fast Fourier transformation (FFT) is
presented. According to the above analysis, the bed remains static in both the fixed bed and solid-

like homogeneous fluidization regimes, and the fluctuation of the overall solid concentration in



these two states is only due to measurement noise (see Figure 6). As seen in Figures 7a and 7b,
indeed, there is no a clear dominant frequency, and the peaks at the locations around 1.5 Hz, 3 Hz,
6 Hz, and 9 Hz are linked to the electronic components in the measurement system.?® While in the
uniform non-bubbling fluid-like and bubbling fluidization regimes, the dominant frequency at
approximately 0.02 Hz and 0.09 Hz is clearly seen in Figures 7c and 7d, respectively. Note that in
Figures 7c and 7d, there are also small peaks at the locations intrinsically derived from the
measurement system, however, they are severely suppressed by the dominant frequency that
carries the most energy among all frequencies in the spectrum. The dominant frequency in the
bubbling regime obtained from ECT results here, 0.09 Hz, is much lower than the typical frequency
reported in previous researches,*’ say about 2 Hz. However, it must be pointed out that to date,
little work has been carried out on the FFT analysis at the velocity close to ump like what has been
done in this research, and the studied ug in previous studies3338404748 gre much larger than that
used here. As can be seen in Video S2b, indeed, the bubbles appear on the bed surface at a low
frequency. The relatively low dominant frequency in the bubbling regime here may due to the
compromise between the bubble growth and bed collapse at a relatively low velocity, which has
been shown in Figure 4. As expected, when ug is further increased to about 3 times the ump, at
which the bubble growth along the bed height plays the leading role, the dominant frequency shifts
to approximately 2 Hz (see Figure 8). It is also noted from Figure 7 that although the dominant
frequency in the bubbling fluidization regime is a little higher than that in the uniform non-
bubbling fluid-like fluidization regime, the distribution of the power spectral density shows similar

pattern between these two regimes. The similarity may come from the fact that the fluctuation



frequency of the void and cavity structures (microscopic bubbles) in the uniform non-bubbling
fluid-like fluidization regime is like that of the macroscopic bubbles in the bubbling fluidization
regime for ugabove the ums, and below about 3 times the ums, and further confirms that the uniform

non-bubbling fluid-like regime exhibits dynamic fluid-like behavior.

[Figure 7. Power spectral density of the overall solid concentration at ECT upper plane for
different flow regimes: (a) ug = 1.27 mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the
solid-like homogeneous fluidization regime, (c) ug = 5.31 mm/s in the uniform non-bubbling
fluid-like fluidization regime, and (d) ug = 7.85 mm/s in the bubbling fluidization regime. The

fluidized powder is FCC I.]

One may identify the flow regime by fingerprint of either the dominant frequency or the
typical magnitude of the power spectral density or both.*® Neglecting the dominant frequency, it is
noted from Figure 7 that the order of the magnitude of the power spectral density increases greatly
from 1 x 10~*in the fixed bed to 0.01 in the solid-like homogeneous fluidization regime and then
to 0.1 in the uniform non-bubbling fluid-like fluidization regime and finally to 10 in the bubbling
regime. This finding is in good agreement with the Sd of the overall solid concentration as shown

in Figure 4.

[Figure 8. Power spectral density of the overall solid concentration at ECT upper plane when ug

is about 3 times the ums. The fluidized powder is FCC 1.]



3.3. Pressure fluctuation results

Figure 9 shows the bed pressure drop normalized by particle weight per unit cross-sectional
area (4pn) as a function of ug in both a fluidization process (solid black line with black squares in
Figure 9, and the repeated experimental results in three separate measurements are shown in Figure
5¢) and a defluidization process (solid red line with red triangles in Figure 9) for FCC | powder.
Here, the bed pressure drop is calculated as the time averaged pressure fluctuation signal measured
at a certain velocity. Note that the regime regions shown in Figure 9 are divided following the
aforementioned visual observations and ECT experimental results, and so are the transition
velocities. It can be seen that in the fluidization process, the bed pressure drop first increases with
increasing ug, and when ug reaches ums, the pressure drop attains a maximum with the value larger
than 1 (about 1.08), that is to say, a pressure overshoot over the particle weight per unit cross-
sectional area is seen. It has been found that both friction and inter-particle cohesive forces are
responsible for this overshoot,?**4%9°1 and a qualitative understanding is that the stronger the
friction or inter-particle cohesive forces, the higher the overshoot.*® Therefore, the maximum
normalized pressure drop here, 1.08, is closely related to the magnitude of the friction and inter-
particle cohesive forces. Upon further increasing ug, the pressure drop finally decreases to level
off at a value very close to 1, indicating the bed is fluidized. While in the defluidization process,
the normalized pressure drop first keeps constant in the bubbling and uniform non-bubbling fluid-
like fluidization regimes. Upon decreasing ug, the pressure drop decreases gradually in the solid-

like homogeneous fluidization state, and further decreases sharply in the fixed bed regime. The



different evolution of the bed pressure drop profile between the fluidization and defluidization
processes is attributed to the hysteresis effect.”1%°0-53 As can be seen from Figure 9, the hysteresis
is only pronounced in the fixed bed and solid-like homogeneous fluidization regimes. While in the
uniform non-bubbling fluid-like and bubbling fluidization regimes, the pressure drop profiles in
the fluidization and defluidization processes almost coincide with each other. This suggests the
existence of permanent particle-particle contacts or yield stresses’ in both the fixed bed and solid-
like homogeneous fluidization regimes. When ug is further increased to the uniform non-bubbling
fluid-like and bubbling fluidization regimes, the yield stresses vanish along with the sustained
particle-particle collisions.**!® In this way, particles are free floating in the bed, leading to the flow
resistance the same as particles settling in a defluidization process. From Figure 9, it is also clear
that the ums identified from the bed pressure drop profiles, either at the point where the pressure
drop across the bed becomes sufficient to balance the particle weight in a fluidization process?’-33%
or at the intersection point of two curves (two dashed cyan lines in Figure 9) fitted for the fixed
bed and bubbling bed in a defluidization process,*®5* is the same as that measured by ECT (see

Figures 4).4

[Figure 9. Normalized pressure drop and Sd of the pressure drop against ug. The fluidized

powder is FCC 1.]

Similar to Figure 3, Figure 10 shows the transient bed pressure drop signals for different flow

regimes. The ordinate range of Figures 10a, 10b, and 10c is also set to be the same, say 0.03 kPa.



It can be seen that the bed pressure drop in the fixed bed regime fluctuates around a mean value
less than the particle weight per unit cross-sectional area (about 3.09 N/m?), indicating that the
particle weight is partly supported by frictional stresses. While in other three regimes, the bed
pressure drop fluctuates around a value slightly less than the particle weight per unit cross-
sectional area (also see Figure 9). Such an offset in pressure drop was also found in previous
numerical and experimental studies,'>* implying that a small part of particles is supported by the
distributor and wall. However, unlike the overall solid concentration signals as shown in Figure 3,
it is difficult to distinguish among the fixed bed, solid-like homogeneous fluidization, and uniform
non-bubbling fluid-like fluidization regimes from the fluctuation of the bed pressure drop signals,
because the amplitude and frequency of the fluctuation are similar in these three regimes. Only

when the bed is in the bubbling regime, a large fluctuation begins to prevail.

[Figure 10. Sampled signals of the bed pressure drop for different flow regimes: (a) ug = 1.91
mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like homogeneous fluidization
regime, (c) ug = 5.31 mm/s in the uniform non-bubbling fluid-like fluidization regime, and (d) ug

= 7.85 mm/s in the bubbling fluidization regime. The fluidized powder is FCC I.]

To further test the fluctuation of the bed pressure drop signals, Figure 9 shows the Sd of the
bed pressure drop during a fluidization process for FCC | powder (solid blue line with blue dots in
Figure 9, and the repeated experimental results in three separate measurements are shown in Figure

5d). Besides, Sd of the pressure drop across the distributor itself (i.e., in an empty bed) as a function



of ug is also shown as a baseline (solid black line with black diamonds in Figure 9) to evaluate the
noise level of the pressure drop signals. Clearly, the Sd of the pressure drop in the empty bed shows
weak dependence on ug, suggesting that the Sd in the fluidization process can represent the
dynamic behavior in the bed. It can be seen that the Sd of the pressure drop across the bed keeps
small in the fixed bed, solid-like homogeneous fluidization, and uniform non-bubbling fluid-like
fluidization regimes, while large fluctuations are observed in the bubbling regime, which is in line
with the results shown in Figure 10. At the regime transition points, it is noted that the transition
from the fixed bed regime to the solid-like homogeneous fluidization state is very smooth, while
a local maximum is seen on the transition between the solid-like homogeneous and uniform non-
bubbling fluid-like fluidization regimes. Another interesting finding is that there is a peak in the
profile of the Sd in the fixed bed region, which is even higher than that on the transition between
the solid-like homogeneous and uniform non-bubbling fluid-like fluidization regimes. The peak is
suspected to be associated with the break-up of chain-like mechanical structures formed in the
fixed bed,*+192150 however, detailed mechanisms are not known at present, which anyway deserve

further research.

[Figure 11. Power spectral density of the bed pressure drop for different flow regimes: (a) ug =
1.27 mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like homogeneous fluidization
regime, (c) ug = 5.31 mm/s in the uniform non-bubbling fluid-like fluidization regime, and (d) ug

= 7.85 mm/s in the bubbling fluidization regime. The fluidized powder is FCC I.]



Figure 11 shows the power spectral density of the bed pressure drop for different flow regimes.
Consistent with the Sd information as shown in Figure 9, except that the typical magnitude in the
bubbling regime is much larger, there is no big difference among the fixed bed, solid-like
homogeneous fluidization, and uniform non-bubbling fluid-like fluidization regimes in terms of
either the dominant frequency or the magnitude of the power spectral density. Nevertheless, it is
worthwhile mentioning that the dominant frequency of the pressure drop in the bubbling regime
is similar to that obtained from the overall solid concentration by ECT (see Figure 7).

3.4. Comparison among the used three measurement techniques

Visual observation from the camera, ECT, and pressure fluctuation are three widely used
techniques developed for the measurement of hydrodynamic behavior of gas-solid fluidized
beds.®® In this section, a short comparison among these three techniques, with emphasis on their
ability and performance to identify different flow regimes involved in this research, is presented.

Visualization is the most intuitive and straightforward way to study the gas-solid flow. A
further detailed investigation is always conducted on the basis of visualization. For example, the
popular Geldart’s particle classification was established based on the visual observations of
different fluidization behaviors characterized by different types of particles,® and then many
numerical, theoretical, and experimental works were performed to explore the mechanisms
underlying this classification. Similarly, the investigation in this research was stimulated and
triggered by the successful observation of the existence of both solid-like and fluid-like states in
the homogeneous fluidization regime of Geldart A particles when a very small adjustment in ug

was used in experiments. The identification of different flow regimes was also first based on visual



observations. However, the application of visualization method is only restricted to systems for
visual access. Therefore, it is necessary to see whether other technologies that can work at visual
inaccessible environments, such as ECT and pressure fluctuation measurements, can identify solid-
like and fluid-like states in the homogeneous fluidization regime.

Both time and frequency domain analysis were performed on the overall solid concentration
signals measured by ECT and pressure drop signals obtained from pressure fluctuation
measurements. It was found that the ECT experimental results are consistent with those obtained
from visual observations. More specifically, two indicators, i.e., the Sd and the typical magnitude
of the power spectral density of the overall solid concentration, provide a robust and reliable way
to identify different flow regimes. However, no significant changes are found in both time and
frequency domain analysis of the bed pressure drop signals among the fixed bed, solid-like
homogeneous fluidization, and uniform non-bubbling fluid-like fluidization regimes, and only at
a velocity that is a little higher than the critical velocity uc, a local maximum is seen in the curve
of the Sd of the bed pressure drop against ug.

The different performance and ability between ECT and pressure fluctuation measurements
lie in their different measurement strategies. In ECT, the gas-solid flow information on a cross
section is interrogated by an array of electrodes from different view angles, while the pressure
fluctuation measurement is only from a single point near the wall. Therefore, the ECT results
consist of more information regarding the hydrodynamic behavior of fluidized beds. From this
point of view, it is not surprising that it is ECT, but not pressure fluctuation method, that is sensitive

to the small changes among the fixed bed, solid-like homogeneous fluidization, and uniform non-



bubbling fluid-like fluidization regimes. Ye et al.® also proved in their DPM simulations that the
temporal fluctuation of pressure drop is not a reliable indicator to characterize the transition from
the homogeneous fluidization to bubbling fluidization. Even so, ignoring the fluctuation, the
hysteresis effect of the bed pressure drop between increasing and decreasing ug, as a well-
documented phenomenon for gas-solid fluidized beds, can provide additional valuable insights on
the homogeneous fluidization: the yield stresses exist in the solid-like homogeneous fluidization
state, while they vanish in the uniform non-bubbling fluid-like fluidization regime. However, such
a knowledge can never be deduced from ECT experimental results. There are many excellent
comparative studies between both methods for gas-solid fluidized beds measurement in
literature.3*4® All these studies, including this research, suggest that even though ECT provides
more sensitive results and more information compared to the pressure fluctuation method, it is still
good to combine both techniques in practical applications.
3.5. Fluidization behavior differences between Geldart A and modified Geldart C particles
It has been anticipated that the plot of the Sd of the overall solid concentration measured by
ECT against ug can be used to identify the fixed bed, solid-like homogeneous fluidization, uniform
non-bubbling fluid-like fluidization, and bubbling fluidization regimes. Figure 12 shows time
domain analysis of the overall solid concentration for FCC Il and Al,O3 powders. As can be seen,
the profiles of both the average and Sd of the overall solid concentration are similar to those shown
in Figure 4 for FCC | powder. Especially, the Sd of the overall solid concentration also shows three
plateaus. Note that visual observations and pressure fluctuation measurements were also

performed on these two powders, and the results are similar to FCC | powder. The transition



velocities, i.e., Umf, Uc, and umn, as identified from the terminal point of each plateau in the curve of
the Sd of the overall concentration, are listed alongside those calculated from the empirical
correlation of Abrahamsen and Geldart'” in Table 2. Clearly, a good agreement with the maximum
relative error less than 2% for both ums and ums is shown. Therefore, it is evident that the existence
of both solid-like and fluid-like states is not a particular case for FCC | powder only, but a general
rule for true Geldart A particles. That is, the existence of solid-like and fluid-like states in the

homogeneous fluidization regime is now experimentally validated for Geldart A particles.

[Figure 12. Time domain analysis of the overall solid concentration at ECT upper plane for (a)

FCC Il powder and (b) Al.O3 powder.]

[Table 2. Transition velocities obtained from experiments and the empirical correlation of

Abrahamsen and Geldart for different powders]

Comparing the experimental results of the studied three Geldart A particles to reports on the
nanoparticles-modified Geldart C particles,***¢ it can be concluded that fluidization behaviors of
both in the solid-like homogeneous fluidization and uniform non-bubbling fluid-like fluidization
regimes are similar, say the bed remains static in the solid-like state while some void and cavity
structures appear in the fluid-like state. However, there are also some apparent differences. For
example, a 40% expansion of the initial height can be achieved for the modified Geldart C particles,

while only about 25% for the studied Geldart A particles. Also, the maximum free volume is 0.85



for the modified Geldart C particles, but only 0.45~0.48 for the studied Geldart A particles.
Regarding the ratio of umb to umf, values of 2.7, 3, and 1.7, which are much lower than that of the
modified Geldart C particles, say about 40, are dominant for the studied FCC I, FCC 11, and Al,O3
powders, respectively.

While there has been a consensus that a dynamic aggregation process enables stable
fluidization for the nanoparticles-modified Geldart C particles,*®%%-23 it is still an open question
whether Geldart A particles aggregate in the homogeneous expansion regime.?*?® Despite the
ambiguity, a sedimentation model originally developed by Valverde’s research group for the
modified Geldart C particles?*?® was used to try to estimate the possible aggregate size of the
studied Geldart A particles in the homogeneous fluidization regime. First, the particles were driven
into the bubbling regime for a sufficiently long time. Next, ug was set down to a certain value
below the umn. Once the particles were in a steady state for a given ug, the gas flow was abruptly
shut off and the particles settled down. During the sedimentation process, the bed height was
continuously recorded using the camera at a frequency of 25 Hz. It was found that the settling
velocity keeps constant in the initial period, and then slows down due to stresses carried by inter-
particle forces. The initial settling velocity (us) for different ug was measured. Finally, the
relationship between us and the overall solid concentration /5 before the sedimentation process can
be expressed by Equation 12, a modified Richardson-Zaki law with the consideration of
aggregation in gas-solid fluidization,??

Ug N

it €l O (12)
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where Np is the number of particles aggregated in an aggregate, r is the ratio of the average



aggregate size to the particle size, and ut is the terminal velocity of a single particle, which can be

calculated from the well-known Stokes equation in the laminar regime:??
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Fitting the measured us and £ to Equation 12 yields Np and r, which can be further used to
predict the average aggregate size (dagg) and the packing fraction of particles in the aggregate (fagg),

respectively, by Equations 14 and 15:%2

dagg =1dy (14)
N.
Bagg = r_z (15)

The model, corroborated by direct visualization of samples taken from beds, gave Ny = 100,
Oagg = 100 um, and fagg =~ 0.51 for the 8.53—um xerographic toner,%?22 that is to say, 100—um
particle aggregates, with each formed by about 100 raw toner particles, were fluidized in the bed.

Figure 13a shows the sedimentation experimental and fitted results for FCC | powder. As can
be seen, Equation 12 fits the experimental data well, giving for the best fit Np = 1.35 and r = 1.08.
The average aggregate size dagg is then predicted by Equation 14 to be about 74.9 um, which is
very close to the average particle diameter, 69.5 um. The packing fraction of particles in the
aggregate Bagg is calculated by Equation 15 to be about 1.07. Both dagg and Bagg indicate that,
different from the modified Geldart C particles, the studied Geldart A particles do not display

aggregation structures in the homogeneous fluidization regime.

[Figure 13. Sedimentation experimental and fitted results using (a) Equation 12 and (b)

Equation 16 for FCC | powder.]



In addition to the modified Richardson-Zaki law, the sedimentation experimental data are also

fitted to the original Richardson-Zaki law:®

u

==/ (16)
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where u;” is the fitted terminal velocity and n” is an empirical parameter. The results are shown in
Figure 13b. The fitted ui”" and n* are 0.18 m/s and 4.72, respectively. It is noted that the fitted u" is
identical to the one obtained from the Stokes equation, and the fitted n” is comparable to the one
obtained from liquid fluidized beds, 4.6.* Barreto et al.>” fluidized five different Geldart A
particles and also found that the values of n” were close to those obtained from empirical
correlations developed for liquid fluidized beds. As the original Richardson-Zaki law itself was
obtained on the assumption of homogeneous distribution of individual particles, the results
extracted from Figure 13b confirm again that no particle aggregates present for the studied Geldart
A particles. The sedimentation experimental and fitted results using Equations 12 and 16
performed on FCC 1l (Np=1.33, r =1.07, ur = 0.16 m/s, ui’ = 0.17 m/s, and n* = 4.76) and Al,Os
(Np=1.49, r = 1.12, uy = 0.29 m/s, ui’ = 0.26 m/s, and n” = 4.64) powders also show a similar
aggregation behavior to FCC | powder.

There is no doubt that the formation of particle agglomerates for the modified Geldart C
particles is caused by the existence of significant inter-particle forces, the magnitude of which,
however, is very difficult to measure or predict. Valverde and Castellanos? estimated the inter-
particle forces of the nanoparticles-modified Geldart C particles to be about 2 nN. The Bond

number (Bo), defined as the ratio of inter-particle forces to particle weight, of the 8.53-um



xerographic toner can be then calculated to be as high as 550. For the studied Geldart A particles,

a modified Harrison equation is introduced here to estimate Bo:%3
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where Dpm is the maximum microscopic bubble size in the uniform non-bubbling fluid-like
fluidization regime. It has been proved that the studied Geldart A particles do not aggregate.
Therefore, dagg is replaced by dp in Equation 17. Geldart® suggested that an obvious bubble
indicating the onset of the bubbling regime has a diameter of at least 5 mm in a bed with the size
the same as that used in this work. Figure 2c and Video S2a also demonstrate that the diameter of
the microscopic bubbles in the uniform non-bubbling fluid-like fluidization regime is smaller than
5 mm. In these regards, Dom takes the value of 5 mm. With the known Dpm and dagg, Bo can be then
back-calculated from Equation 17. In this way, Bo of FCC I, FCC Il, and Al.O3 powders is
estimated to be about 0.66, 0.90, and 0.18, respectively, the magnitude of which is in accordance
with the postulate that for Geldart A particles, the inter-particle forces and particle weight are of
comparable magnitude.®® Clearly, Bo of the studied Geldart A particles is much lower than that of
the modified Geldart C particles (this is right if Bo of the modified Geldart C particles is also back-
calculated from Equation 17: assuming that Dem/dagg is in the range 1~10, which is typical for the
modified Geldart C particles,?® Bo of the 8.53-pum xerographic toner is in the range 60~7000, which
is also much larger than that of the studied Geldart A particles). It can be then concluded that the
relative importance of inter-particle forces is responsible for the different apparent fluidization
characteristics and aggregation behaviors between these two kinds of particles. Furthermore,

referring back to Table 2, it is noted that the interval length of the solid like homogeneous



fluidization and uniform non-bubbling fluid-like fluidization regimes is different among the three
studied Geldart A particles. Especially, the interval of the solid-like homogeneous fluidization
regime for Al,Os powder is much shorter than that for FCC | and FCC Il powders. Relating this
finding to the values of Bo suggests that the extension of both the solid-like and fluid-like states is
also influenced by Bo. However, a quantitative description on the effect of Bo is not possible at
present.

The ratio Dom/dagg has been used as a criterion by Valverde and Castellanos? to predict the
types of gas fluidization of cohesive particles. It has been claimed that only when Dym/dagg < 10,
can the uniform non-bubbling fluid-like fluidization regime exist, otherwise the solid-like
homogeneous fluidization regime will transit directly to the bubbling regime. However, using the
values of Dom =5 mm and dagg = dp, Dom/dagg Of the studied three Geldart A particles is in the range
70~75, which already exceeds the upper bound, 10. But indeed, the uniform non-bubbling fluid-
like fluidization regime is experimentally observed in this work. It implies that the criterion,
originally developed for the modified Geldart C particles, may not suit for Geldart A particles, and
thus a new criterion that can be applied to both the modified Geldart C and true Geldart A particles

is needed.

4. Conclusions
In this work, camera recording, ECT, and pressure fluctuation were used to experimentally
investigate the homogeneous fluidization characteristics of three typical Geldart A powders. Both

time and frequency domain analysis were performed on the overall solid concentration signals



measured by ECT and bed pressure drop signals obtained from pressure fluctuation measurements.
The ability and performance of the used three measurement techniques to identify different flow
regimes were compared. Based on this work, the following conclusions are drawn:

(1) For the first time, the existence of both solid-like and fluid-like states in the homogeneous
expansion regime was experimentally verified for Geldart A particles. In both states, the bed
expands gradually with a stable bed height. However, there are also differences between them: in
the solid-like state, the bed remains static just like that in the fixed bed regime, while some void
and cavity structures appear in the fluid-like state.

(2) The Sd and power spectral density of the overall solid concentration are two reliable
indicators to identify different flow regimes. More specifically, the plot of the Sd of the overall
solid concentration against ug shows three plateaus, corresponding to the fixed bed, solid-like
homogeneous fluidization, and uniform non-bubbling fluid-like fluidization regimes. The gas
velocity at the terminal point of each plateau is ums, Uc, and ump, and the obtained transition
velocities show good agreement with the empirical correlation. As for the power spectral density,
it increases with orders of magnitude as the regime evolution.

(3) The hysteresis effect of the bed pressure drop indicates the existence of permanent yield
stresses in both the fixed bed and solid-like homogeneous fluidization regimes, while the yield
stresses vanish along with the sustained particle-particle collisions in the uniform non-bubbling
fluid-like fluidization and bubbling fluidization regimes.

(4) Time and frequency domain analysis of the bed pressure drop fluctuation signals are not

as reliable as ECT to identify different flow regimes involved in this research.



(5) The different performance of ECT and pressure fluctuation methods lies in their different
measurement strategies. It is good to combine both techniques to investigate gas-solid flow
characteristics in practical applications.

(6) Once the existence of both states is verified, it is reasonable to speculate that the
mechanisms of the homogeneous fluidization of Geldart A particles have two distinct factors: one
dominated by inter-particle forces in the solid-like state and the other by fluid dynamics in the
fluid-like state.

(7) The sedimentation experiments indicate that different from the modified Geldart C
particles, no particle aggregates present in the homogeneous fluidization regime for Geldart A
particles. The relative importance of inter-particle forces is responsible for the different apparent
fluidization characteristics and aggregation behaviors between these two kinds of particles.

As the aim of this paper is to experimentally verify the existence of solid-like and fluid-like
states in the homogeneous fluidization regime of Geldart A particles using different measurement
techniques, the work presented is intended to be the first step in a systematic study. Further
researches are still needed to (1) understand the flow hydrodynamics behind these two states, (2)
explore the effect of Bo on the extension of both states, and (3) develop a new criterion that can be
applied to both the modified Geldart C and true Geldart A particles. These works are currently

underway.

NOMENCLATURE

Roman letters



ug = superficial gas velocity, mm/s

Umf = minimum fluidization velocity, mm/s

uc = transition velocity between the solid-like homogeneous fluidization and uniform non-bubbling
fluid-like fluidization regimes, mm/s

Umb = minimum bubbling velocity, mm/s

Umf,c = minimum fluidization velocity calculated from the empirical correlation, mm/s
Umb,c = minimum bubbling velocity calculated from the empirical correlation, mm/s

us = initial settling velocity, mm/s

ut= terminal velocity of a single particle, m/s

u; = fitted terminal velocity of a single particle in the original Richardson-Zaki law, m/s
n” = fitted exponent in the original Richardson-Zaki law

C = capacitance, pF

d = diameter, um

S = normalized sensitivity matrix

G = reconstructed grey level

g = gravitational acceleration, m/s?

Fas = fraction of fines with the size less than 45 ym

Np = the number of particles aggregated in an aggregate

r = the ratio of the average aggregate size to the particle size

dagg = average aggregate size, um

Pagg = packing fraction of particles in the aggregate



Dbm = maximum microscopic bubble size in the non-bubbling fluid-like regime, mm
Bo = Bond number

Greek letters

a = step length in the projected Landweber iteration algorithm
A =normalized capacitance

u; = identity vector (a vector of ones)

S = overall solid concentration

6 = packed bed solid concentration

p = density, kg/m?

w1 = viscosity, Pa-s

Subscripts

g =air

p = particles

L = low calibration

H = high calibration

M = measurement

Abbreviations

ECT = electrical capacitance tomography

FCC = fluid catalytic cracking

MTO = methanol to olefins

LBP = linear back projection



DPM = discrete particle model
Sd = standard deviation

NSR = noise-to-signal ratio, 1/dB
SNR = signal-to-noise ratio, dB

FFT = fast Fourier transformation
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Videos taken in different flow regimes by the camera are shown in Supporting Information
(AVI).

Video Slais in the fixed bed regime, Video S1b is in the solid-like homogeneous fluidization
regime, Video S2a is in the uniform non-bubbling fluid-like fluidization regime, and Video S2b is

in the bubbling fluidization regime.
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Table 1. Physical properties of the powders

Powder Density Mean Particle Fine Particles Origin

(pp, kg/m®)?  Diameter (dp, pm)®  Content (Fas, %)°
FCC1 1300 (£ 50) 69.5 (x 0.6) 16.4 (= 0.5) Beijing, China
FCC Il 1260 (£ 40) 66.3 (= 0.7) 22.5(x0.4) Qingdao, China
Al;03 1950 (x 25) 71.2 (£ 0.8) 9.5(x0.6) Dalian, China

2The density of particles pp was measured by water displacement technique.

b The mean particle diameter dp was calculated as the Sauter mean diameter.

The fine particles content Fss is the fraction of fines with the size less than 45 pm.
The uncertainty in this Table is the standard deviation of the results in three separate
measurements.




Table 2. Transition velocities obtained from experiments and the empirical correlation of
Abrahamsen and Geldart for different powders

Powder Umf, MM/s Ue, mm/s Umb, MM/S  Umfe, MM/S™  Umpc, MM/S™
FCCI 2.55 4.03 7.00 2.57 7.08
FCC II 2.33 4.24 7.00 2.30 7.07
Al;O3 3.99 5.01 6.88 3.95 6.96

“ Umf and ump With the subscript ¢ mean the values calculated from the empirical
correlation of Abrahamsen and Geldart.




List of Figure Captions

Figure 1. (a) Experimental setup. (b) ECT sensor structure. (c) Particle size distribution of the
powders. (d) Situation of the powders in the Geldart diagram.

Figure 2. Visual snapshots taken by the camera: (a) ug = 1.27 mm/s in the fixed bed regime, (b) ug
= 3.18 mm/s in the solid-like homogeneous fluidization regime, (c) ug = 5.09 mm/s in the uniform
non-bubbling fluid-like fluidization regime, and (d) ug = 7.85 mm/s in the bubbling fluidization
regime. The fluidized powder is FCC I.

Figure 3. Sampled signals of the overall solid concentration at ECT upper plane for different flow
regimes: (a) ug = 1.91 mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like
homogeneous fluidization regime, (c) ug = 5.31 mm/s in the uniform non-bubbling fluid-like
fluidization regime, and (d) ug = 7.85 mm/s in the bubbling fluidization regime. The fluidized
powder is FCC 1.

Figure 4. Average and Sd of the overall solid concentration at both ECT lower and upper planes
against ug. The fluidized powder is FCC I.

Figure 5. Repeated experimental results in three separate measurements for FCC | powder: (a)
and (b) are ECT measurement results; (c) and (d) are pressure fluctuation results.

Figure 6. Average and NSR of the raw capacitance at ECT upper plane against ug. The fluidized
powder is FCC 1.

Figure 7. Power spectral density of the overall solid concentration at ECT upper plane for different

flow regimes: (a) ug = 1.27 mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like



homogeneous fluidization regime, (c) ug = 5.31 mm/s in the uniform non-bubbling fluid-like
fluidization regime, and (d) ug = 7.85 mm/s in the bubbling fluidization regime. The fluidized
powder is FCC 1.

Figure 8. Power spectral density of the overall solid concentration at ECT upper plane when ug is
about 3 times the ump. The fluidized powder is FCC I.

Figure 9. Normalized pressure drop and Sd of the pressure drop against ug. The fluidized powder
is FCC I.

Figure 10. Sampled signals of the bed pressure drop for different flow regimes: (a) ug = 1.91 mm/s
in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like homogeneous fluidization regime, (c)
Ug = 5.31 mm/s in the uniform non-bubbling fluid-like fluidization regime, and (d) ug = 7.85 mm/s
in the bubbling fluidization regime. The fluidized powder is FCC I.

Figure 11. Power spectral density of the bed pressure drop for different flow regimes: (a) ug = 1.27
mm/s in the fixed bed regime, (b) ug = 3.40 mm/s in the solid-like homogeneous fluidization
regime, (¢) ug = 5.31 mm/s in the uniform non-bubbling fluid-like fluidization regime, and (d) ug
= 7.85 mm/s in the bubbling fluidization regime. The fluidized powder is FCC I.

Figure 12. Time domain analysis of the overall solid concentration at ECT upper plane for (a)
FCC Il powder and (b) Al.O3 powder.

Figure 13. Sedimentation experimental and fitted results using (a) Equation 12 and (b) Equation

16 for FCC | powder.
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Figure 2. Visual snapshots taken by the camera: (a) ug = 1.27 mm/s in the fixed bed regime, (b)
Ug = 3.18 mm/s in the solid-like homogeneous fluidization regime, (c) ug = 5.09 mm/s in the
uniform non-bubbling fluid-like fluidization regime, and (d) ug = 7.85 mm/s in the bubbling

fluidization regime. The fluidized powder is FCC I.
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FCC Il powder and (b) Al.O3 powder.
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Figure 13. Sedimentation experimental and fitted results using (a) Equation 12 and (b) Equation

16 for FCC | powder.
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