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ABSTRACT

Electrical capacitance tomography (ECT) has been widely applied in gas-fluidized bed measurements, which
however is constrained by the sensor designs, image reconstruction algorithms and concentration models owing
to the “soft-field” nature. Among the three factors, the concentration models that map the permittivity to solid
concentration distribution are less understood. In this paper we present an experimental investigation on the
effects of concentration models for the ECT measurements of gas-fluidized beds containing Geldart’s group A
particles. The results show that the bubble velocity, bubbling frequency and fluidization regime transition ve-
locity are intrinsic whatever the concentration model employed. However, the time-averaged solid concentra-
tions measured by ECT with the conventional concentration models are usually higher than the corresponding
results obtained by the bed expansion experiments in homogeneous fluidization. It has been further found that
the concentration models can significantly influence the threshold selection in identifying the bubbles and
surrounding emulsion phase in gas-fluidized beds. Thus, a new concentration model given in the formula of a
power function (¢ = G”) has been proposed, with the optimal exponent a obtained via the least-square fitting of
solid concentration in bed expansion during homogeneous fluidization. The model is robust and the sensitivity
analysis shows that the variation of time-averaged solid concentration is negligible (< 3%) suppose that a
changes by + 20%.

1. Introduction

be used in harsh industrial conditions due to high-cost and complex
signal processing although they may offer entire flow regime informa-

Gas-fluidized bed measurements are of extensive significance in
understanding the complex hydrodynamics of gas-solids two-phase
flows and guiding the engineering scale-up of reactors and associate
facilities [1,2]. Now a variety of measurement techniques, classified into
intrusive and non-intrusive, have been frequently-used for this purpose,
which include the intrusive techniques [3-5] like optical probe, capac-
itance probe, and pressure measurement, the non-intrusive techniques
[6-9] such as digital image analysis (DIA), particle image velocimetry
(PIV), X-ray tomography, and magnetic resonance imaging (MRI).
Nonetheless, these techniques more or less have shortcomings and/or
limitations. The intrusive probes are easy to operate but can only obtain
local information of fluidized beds and cannot visualize flow distribu-
tion. The non-intrusive techniques such as DIA, PIV and MRI are hard to

tion [1,2,10]. Electrical capacitance tomography (ECT), owing to the
advantages like fast-imaging, non-invasiveness, non-radiation, strong-
robustness and low-cost [11], is a versatile and well-recognized tech-
nique sparking numerous interests in measuring the gas-solids distri-
bution and hydrodynamic parameters in gas-fluidized beds [12-15].
However, as a “soft-field” technology, ECT shows the relatively low-
spatial resolution, which restricts its further industrial applications
and meantime stimulates great efforts in promoting the overall perfor-
mance of ECT [16-20]. Most, if not all, of the ECT studies so far have
focused on either the hardware systems or data analysis methods
[11,21]. The hardware systems include the ECT sensors and data
acquisition equipment, which are essential in acquiring stable and
reliable capacitance signals. The data analysis involves the derivation of
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the cross-sectional permittivity distribution using image reconstruction
algorithms, and further transformation of the permittivity distribution
to the solid concentration distribution (or the solid volume fraction
distribution, or the gas-solids distribution) utilizing the so-called con-
centration models, as plotted in Fig. 1. Key hydrodynamic parameters in
gas-fluidized beds, such as solid concentration (time-averaged, and
transient) and bubble size, are subsequently analyzed based on the solid
concentration distribution.

Therefore, the hardware systems, image reconstruction algorithms,
and concentration models constitute the three major concerns in ECT
when applying for gas-fluidized bed measurements. For decades, the
design of reliable ECT sensors for gas-fluidized bed measurements has
received considerable attention. For instance, Wang and Yang [22]
studied the effect of the scale-up of sensors and indicated that the
sensitivity of the center decreases as the ECT sensor size increases,
resulting in the low-quality images in industrial-scale fluidized beds.
Huang et al. [16] evaluated the effect of electrode length of ECT sensor
in gas-fluidized bed measurements and found that the electrode length
should be as short as possible considering the signal-to-noise ratio (SNR)
constraint. Recently, Shen et al. [23] also drew similar conclusions and
stated that the shorter electrode can minimize the axial-average effect.
In terms of ECT image reconstruction, a lot of algorithms have been
developed to solve the ill-posed inverse problems. Conventional algo-
rithms include the linear back-propagation (LBP) algorithm [24],
Tikhonov regularization algorithm [10,25], Landweber iteration algo-
rithm [26] and so on. These algorithms can be classified into single-step
and iterative algorithms [21]. Recently, Chandrasekera et al. [17]
developed a total variation iterative soft thresholding (TV-IST) algo-
rithm and found that it is not sensitive to the solid concentration
thresholds when extracting bubble diameter information from ECT
images.

Nevertheless, the prior studies on ECT for gas-fluidized bed mea-
surements predominantly concentrate on the sensor designs and image
reconstruction algorithms. The concentration models, despite the sig-
nificance in improving the accuracy of ECT measurements
[10,12,27-30] being wide-recognized, have been less investigated.
McKeen & Pugsley [28] experimentally evaluated three typical con-
centration models, i.e, series model, parallel model and Maxwell model,
against a solid packed bed with an empty tube merging in the middle of
the bed, and found that the parallel model can better predict the averge
of cross-sectional voidage and recover the equivalent empty tube
diameter. In a study on the fluidized bed drying of pharmaceutical
granule, Chaplin et al. [30] compared four concentration models (i.e.
series model, parallel model, Maxwell model and Bottcher model) for
ECT measurements of a fluidized bed with high moisture content, and
reported that the Bottcher model gave the best results of the radial
profile of solid concentration with reference to the X-ray measurement
results. But later on, Wang and Yang [29] found that these concentration
models could lead to different ECT measurement resluts for a fluidized
bed dryer suppose both the moisture content and flow regimes change.
In a simulation study of bubbling fluidized bed, Banaei et al. [27]
showed that the inverted-Maxwell model can offer the better ECT results
for bubbles with small sizes. Guo et al. [10] reported that the parallel
model can give the minimum error (about 5%) in terms of the solid
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concentration based on the statistics over 78 two-dimensional (2D) gas-
solids distributions produced by computational fluid dynamics (CFD)
simulations with two-fluid model (TFM). This suggests that the con-
centration model is critical in obtaining solid concentration, though
further experimental verification is required as at this point, there is no
guarantee either CFD or concentration model produces reasonable re-
sults since both has tunable parameters.

In view of the few yet scattered experimental investigations about
the effects of concentration models on ECT in gas-fluidized bed mea-
surements, the primary objective of the present work is to comprehen-
sively study the role of concentration models in practical measurements.
For this purpose, the concentration models are experimentally evaluated
by measuring pivotal hydrodynamic parameters in gas-fluidized beds.
Specifically, the well-defined homogenous bed expansion experiments
as well as the hollow glass sphere calibration experiments are carried out
to evaluate the concentration models using the transient solid concen-
tration, and time-averaged solid concentration, and bubble size as three
direct indicators. Furthermore, an improved and generalized strategy to
establish an effective concentration model in ECT for gas-fluidized beds
measurements is proposed.

2. Concentration models

As mentioned above, the concentration models are essentially
applied to map the permittivity distribution to the solid concentration
distribution. Normally, the concentration models are derived based on
the principle of mixed permittivity [31]. For gas-solids two-phase flow
systems, there are various factors like the permittivity of materials, the
phase concentration, the particles shape, the excitation frequency, the
system temperature and so on, affecting the mixed permittivity [32].
However, under certain excitation frequency and specified measure-
ment systems, the mixed permittivity can be simply considered as a
function of the permittivity and concentration of interest components
[18]. In the following, the derivations of concentration models are
principally discussed.

2.1. Parallel concentration model

To derive the parallel permittivity model, the two phases between
the measuring electrode pairs are assumed to be connected parallelly
[28,31]. Thus, for a pixel in ECT, we can obtain

" = pe"+ (1 - @)é (€))
where €™ is the permittivity of the mixture, " is the higher-permittivity
(i.e., the packed bed permittivity, not the particles permittivity [31]), !

is the lower-permittivity (i.e., the fluidization gas permittivity), ¢ is the
solid concentration within a single-pixel. Normalizing Eq. (1) gives
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with g being the normalized permittivity. By rewriting Eq. (2) to a
vector equation, namely parallel concentration model, we can derive
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Fig. 1. Schematic diagram of ECT data analysis for gas-fluidized bed measurements.



A. Lietal
1 P11 " Pip
wheregp=1| : [ =] : - is the normalized solid concen-
PF P Prp
81
tration spatiotemporal distribution vector, G=|:|=
8F
811 - &ip
HS is the normalized permittivity spatiotemporal distri-
gFl gFP

bution vector, F is the total number of sampling frames (in this paper is
5000), P is the number of pixels in a ECT image (in this paper is 3228).

2.2. Maxwell concentration model

The Maxwell permittivity model follows that permittivity of a sphere
of higher-permittivity in the lower-permittivity background can be
described by Laplace equation [28,31]. In this case, the permittivity of
mixture can be written as

26+ €'+ 20(e" — &)
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Inverting and normalizing Eq. (4) gives
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where Kr = i—? is the high-low permittivity ratio, and g = i::j. Rewriting
Eq. (5) to a vector equation

_ (Kr+2)G
¢_3+G(Kr71) ©)
where the G in Eq. (6) will be treated according to an element-wise
division operation.

As can be seen, using the parallel model (¢ = G) implies that the

permittivity distribution is linearly equivalent to the solid concentration

__(Kr2)G

distribution. In contrast, the Maxwell model (¢ = )) suggests

F+G(Kr—1
that the relationship between the two should be nonlinear. And we note
that Eq. (3) and Eq. (6) have the same G and Kr, under certain condi-
tions, is a constant, therefore, when we obtain the G under the parallel
model (for parallel model, G is equal to ¢), the ¢ under the Maxwell
model can be obtained directly through Eq. (6), i.e., @ppuen =

(Kr+2) ¢ paratier
3+Kr—1)parattet”

In addition, more concentration models are also derived and sum-
marized in Table 1. Note that the inverted-Maxwell model is obtained by
rewriting the Kr of Maxwell model into 1/Kr, which is designed to adapt
the measurements of lower-permittivity objects in higher-permittivity
background following Godlieb [31]. Fig. 2 displays the schematic of
function formula for different concentration models. As can be seen in
Fig. 2, for a given normalized permittivity, the corresponding

Table 1
Mixed permittivity models and concentration models.

Models Mixed permittivity models [18] Concentration models
parallel e = e + (1 —g)e ¢ =G
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Fig. 2. Mapping normalized permittivity to normalized solid concentration by
different concentration models.

normalized solid concentration predicted by, in the order of series,
Maxwell-Garnett, Maxwell, Bottcher, power-law, parallel, and inverted-
Maxwell model, shows an apparent decrease. In the high permittivity
region, the Bottcher model almost coincides with the power-law model
with a = 0.5.

3. Experimental
3.1. Experimental setup

To experimentally evaluate the effect of concentration models on the
transient and time-averaged solid concentration, and bubble size in gas-
fluidized beds by ECT, two sets of experiments were carried out in this
study. First of all, the homogeneous fluidization of Geldart’s group A
particles, in which the gas and solids can be treated as uniformly
distributed [33], was considered to assess the performance of different
concentration models in obtaining the time-averaged solid concentra-
tion. And note that this is homogeneous fluidization so a small fluctu-
ation is also accepted. In this set of experiments, a cold flow fluidized
bed reactor made of borosilicate glass column (the glass column
permittivity ¢ is 4) was used, which has an inner diameter of 60 mm,
height of 1 m, and wall-thickness of 2.5 mm, as shown in Fig. 3a. In the
homogeneous bed expansion experiments, the static bed depth of 10 cm
was set to weaken the non-uniform distributions of gas and solids and
the centerline of the ECT sensor is 5 cm above the gas-distributor. The
dried air (the air permittivity ¢! is 1 and air dryness fraction is 99.9%)
was uniformly distributed to the bed via a porous gas-distributor made
of the expanded polystyrene foam. Air flow rate was monitored by a
mass flow controller (Brooks SLA5800, USA). The bed materials used in
this set of experiments include three Geldart’s group A particles (see
supplementary material Figure S1), i.e., two FCC catalysts (FCC I and
FCC II) and a AlyO3 particles, with the physical properties (including
particles density p,, Sauter mean diameter d,, sphericity §, particle
permittivity ¢?, packed bed solid concentration ¢°, and minimum
fluidization velocity Uns) summarized in Table 2. Here the & was
measured by the high frequency LCR digital bridge (TH2826, CN) with
180 KHz. And note that the two FCC particles have quite different
permittivity. This may be due to that FCC I particles are the fresh catalyst
without coke deposition while the FCC II particles are spent catalyst with
certain coke deposition.

Then a secondary set of experiments were conducted to assess the
performance of concentration models in gas-fluidized bed measure-
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Fig. 3. Schematic diagram of (a) the gas-fluidized bed used in the homogenous bed expansion and bubbling fluidization experiments, (b) the packed bed with hollow
glass sphere, (c) the ECT sensor with 8 electrodes, and (d) the hollow glass sphere (called quasi-bubble).

Table 2
Physical properties of bed materials in the assessing measurements.

Particles Density Sauter mean diameter Sphericity Particle permittivity Packed solid concentration Minimum fluidization velocity
* p,lkg/m®] " d, [um] © 51 derf] ¢ 0] " Upglem/s]

FCCI 1400 44.88 0.93 2.96 0.60 0.24

FCCII 1400 83.74 0.92 6.09 0.58 0.47

Al,03 3940 79.16 0.53 8.71 0.43 1.24

# The particles density pp was measured by water displacement technique.

" The Sauter diameter d, was calculated by d, =

¢ The sphericity 5 was estimated by SEM images ﬂ?r;{gr%l added in supplementary material (see supplementary material Figure S2).
4 The particles permittivity &> was measured by the high frequency LCR digital bridge (TH2826, CN) with 180 KHz.

¢ The packed solid concentration ¢° was calculated from ¢° =

, where S is the cross-sectional area of the gas-fluidized bed, and Hj is the static bed height.

f The particle minimum fluidization velocity Upys determined §§< 5% £ curve [34].

ments in presence of non-uniform gas-solids structures such as bubbles.
In doing so, hollow glass spheres (quasi-bubbles) with varying diameters
(see Fig. 3d) were placed in a stationary picked bed with bed height of
30 cm to simulate gas bubbles in gas-fluidized beds (as shown in Fig. 3b).
Five quasi-bubbles with inner diameters of 8, 18, 28, 38 and 48 mm were
used. All the hollow glass spheres have wall-thickness of 1 mm (the wall
permittivity of hollow glass sphere &’ is also 4), connecting to a minor
glass tube of outer diameter of 5 mm and wall-thickness of 1.5 mm. In
the experiments the quasi-bubbles were placed in the center of the
sensing region if not specified.

3.2. ECT measurement configuration

In all ECT experiments, the single-plane ECT sensor with 8 electrodes
was used. Each electrode has length of 30 mm, the electrode gap ratio is
4:1, the earth electrode used here is 20 mm wide, and the distance be-
tween the earth electrode and electrodes is set to 5 mm to minimize the

electrostatic interference. The external screen length is 90 mm and the
gap between the screen and electrodes is 8 mm.

In ECT image reconstruction, the projected Landweber iteration al-
gorithm was used following Yang & Peng [21] and Guo et al. [10,35].
The formula of the projected Landweber iteration algorithm can be
written as

81 = Llge — ngT(Sgk =) @)

. . R L.
where g is the normalized permittivity vector, A = ‘C",',l:g, is the normal-

ized capacitance vector (where the C™ is the measured capacitance
vector for a random distribution, C! and C" are the capacitance vector
measured in an empty and packed bed), S is the normalized sensitivity
matrix, 87 is the transposed matrix of S, 6 is the optimal step length and
k is the index of iteration number. The total of iteration number was set
to 200 [10,16]. L is used to constrain g to ensure g € [0,1]. Details of this
algorithm can refer to Huang et al. [16] and Guo et al. [34]. Note that A
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is the measured normalized capacitance by the commercial ECT soft-
ware, and 4 is either O or 1 corresponding to respectively the calibration
case of empty bed or packed bed. The calibration principles used in this
work to map the capacitance to permittivity are essentially the same for
both the linear and nonlinear concentration models.

4. Results and discussions
4.1. Transient solid concentration

The transient solid concentration of the gas-fluidized bed was
measured by ECT with different concentration models. Fig. 4 shows the
results (transient solid concentration fluctuations within 1 s) with Al,O3
particles as bed materials, in which seven concentration models (i.e., the
series, Maxwell-Garnett, Maxwell, Bottcher, power-law with « = 0.5,
parallel, and inverted-Maxwell model) were used to map the permit-
tivity distribution to corresponding solid concentration distribution. As
can be seen, pronounced difference could be identified for the results
obtained by different concentration models. Specifically, the series
model produced the highest solid concentration, which is followed by
the Maxwell-Garnett, Maxwell, Bottcher, power-law, parallel, and
inverted-Maxwell model in order. This is consistent with the results
shown in Fig. 2. Meantime, the transient solid concentration obtained by
the series model has the smallest fluctuation, and the magnitude of solid
concentration fluctuations increases with the order of the Maxwell-
Garnett, Maxwell, Bottcher, power-law, parallel, and inverted-Maxwell
model. Note that the transient solid concentration fluctuations reflect
the passing of flow structures such as gas bubbles in the fluidized beds, it
suggests that the series model is relatively insensitive to the flow
structures and tiny bubbles, for instance, might be readily missed. Likely
the inverted-Maxwell model is the most sensitive to the delicate change
of flow structures, and can better reflect the bubble behaviors. Yet, if the
ECT algorithms used are prone to artifacts, the inverted-Maxwell model
will also magnify these, so an extra care is needed when using such as
Tikhonov regularization algorithm [10]. Moreover, a close check with
the transient solid concentration fluctuations in Fig. 4 shows that the
results obtained by different concentration models are qualitatively
consistent, indicating that the bubble velocity, bubbling frequency and
fluidization transition velocity (i.e., Uny, Unp) are intrinsic regardless of
the concentration models used. This is also confirmed by the time-
—frequency analysis of transient solid concentration (see supplementary

0.43 <

0.42 ¢

0.41

0.40 4

0.39 4
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0.38 4 —@— Maxwell-Garnett
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0.37 - —@— Bottcher
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Transient solid concentration (-)
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Fig. 4. Transient solid concentration obtained by different concentration

models. The fluidized particles are Al;O3, the static bed depth is 60 cm and the
centerline of the ECT sensor is 50 cm above the gas-distributor. The superficial

gas velocity is 2486Ui}203 with Ui}?% = 1.24cm/s.
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material Figure S3 and S4).

4.2. Time-averaged solid concentration

The time-averaged solid concentration is an essential industrial
parameter in gas-fluidized bed measurements. In ECT, it can be gener-
ally defined as [34,36]

OZszl 21)::1'75

FxP ®

d=9

where the packed solid concentration ¢° is defined in Table 2, the two-
level summation notation Zle 25:145 indicates the summation over all

elements of the matrix ¢. Furthermore, it in the homogeneous fluid-
ization regime can also be obtained by the following formula [37]

— m
$= 5, ©

where m is the mass of particles in the packed bed, H is the homogeneous
bed expansion height, as shown in Fig. 3a, the bed height H was
measured by a flexible scale fixed in the fluidized bed wall and was
recorded after 10 min of stable operation at a given gas flow velocity.

In this section, the bed expansion experiments of three Geldart’s
group A particles were carried out to evaluate the performance of these
models with regard to the time-averaged solid concentration. As
mentioned above, owing to the uniform axial solid concentration dis-
tribution in the homogeneous fluidization regime of Geldart’s group A
particles, we consider the average solid concentration of whole bed
equivalently as the time-averaged solid concentration in the local po-
sition of ECT sensor. Fig. 5 presents the variation of time-averaged solid
concentration for these three particles (i.e., FCC I, FCC II, and Al503) in
the homogeneous fluidization regime based on the homogeneous bed
expansion experiments. As can be seen, the time-averaged solid con-
centration decreases with the increasing superficial gas velocity, indi-
cating the dilution of the gas-solids systems at higher gas velocity, which
is consistent with the ECT measurement trends. In Fig. 5c the trends for
the Al,O3 particles seem to be linearly decreasing, compared to the
trends of FCC particles. This may be due to that the Al,O3 particles are at
located at the boundary between group A and B particles in the Geldart’s
group fluidization diagram (see supplementary material Figure S1).
Hence the interval of the homogeneous fluidization regime of the Al,O3
particles is narrow, which will cause the transition from a packed bed to
bubbling fluidization is relatively sharp. And a similar phenomenon was
also shown in a recent experimental study [34].

However, the time-averaged solid concentrations measured by ECT,
regardless of the concentration models used, are higher than that ob-
tained by bed expansion experiments for all three particles. Further-
more, as the superficial gas velocity increases, the ECT measurement
results deviate further from that obtained by the homogeneous bed
expansion. Among all seven concentration models, the inverted-
Maxwell model shows relatively better performance for all three parti-
cles. Based on the discussions, we showed that the ECT fails to quanti-
tatively measure the time-averaged solid concentration utilizing the
existing concentration models, which has not been well-recognized in
the field [28,30].

4.3. Bubble size in gas-fluidized beds

4.3.1. Static experiments with hollow glass spheres

Bubble size plays an important role in designing gas-fluidized bed
reactors, and ECT is one of the major visualization methods widely used
for measuring bubble size [15,17]. However, owing to the ambiguous
boundary between bubbles and emulsion phase in gas-fluidized beds as
well as the low-spatial resolutions of ECT [10,17,38], extracting the
bubble size from the ECT gas-solids distribution images depends
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ments. The fluidized particles are (a) FCC I, (b) FCC II, and (c) Al,Os, the static bed depth is 10 cm and the centerline of the ECT sensor is 5 cm above the gas-

distributor.

essentially on a critical cutoff of solid concentration (or threshold) [39].
Though many methods have been developed to determine the threshold
[39-43], the hollow glass sphere calibration is proverbially imple-
mented in most of applications [39,40]. Hence, this method will also be
used in this work to evaluate the concentration models in ECT for bubble
size measurements. To minimize the interference of wall-thickness of
these hollow glass sphere, we selected the material of glass bubbles by
matching its permittivity as close as possible to the that of the packed
bed so that the wall-thickness of the glass bubbles can be treated as part
of the packed beds, following most of the works [39,40]. In fact, the
wall-thickness of glass bubbles used in our work was strictly set as 1 mm
for all experiments, and we argued that such a thin wall-thickness would
possess negligible impacts. In addition, it was previously shown that the
effect of wall-thickness of fluidized bed could be insignificant if the
relative wall-thickness of a fluidized bed satisfies R"R"o Ri ©16.67% [44].In

our current work, the relative wall-thickness is about 7.69% (whereR, =
32.5 mm is the outer semidiameter, R;=30 mm is the inner semi-
diameter), which may have only a minor effect on the ECT image
reconstruction.

The solid concentration distribution of the packed beds in presence
of a single quasi-bubble was measured by ECT with different concen-
tration models. Quasi-bubbles with five different inner diameters, i.e., 8,
18, 28, 38 and 48 mm, were examined. Fig. 6 displays the results ob-
tained by four typical concentration models, i.e., series, Maxwell,

parallel, and inverted-Maxwell model, in a packed bed filled with Al,O3
particles. Where the quasi-bubbles were placed in the center of the
sensing region. But it should be noted that these operations were con-
ducted manually during the experiments, and minor deviation of the
positions of the glass bubbles of about 2 mm were observed, which
caused some eccentricity in the results. In this paper, our main purpose
is to assess the concentration models, we argued that the effects causing
by such minor deviations would be insignificant. As observed, for all
concentration models assessed, the small bubble with a diameter of 8
mm cannot be captured, which is line with the Figure 9 of Shen et al.
[23]. This may be due to the fact that the volume of quasi-bubble of 8
mm is less than 1% of the entire sensing region [23]. For bubbles larger
than 18 mm, the inverted-Maxwell model presents the relatively optimal
results. This may be due to that the inverted-Maxwell model better re-
produces the bubbles-emulsion phase structure, namely the continuous
high permittivity emulsion phases contain the low permittivity bubbles
[31]. Furthermore, these models do not change the shape of gas-solids
distribution.

Furthermore, these quasi-bubble diameters obtained by changing
different concentration models and thresholds were compared. Fig. 7
show the heatmaps of the concentration models and thresholds for
recovering the actual quasi-bubble diameters of 18, 28, 38, and 48 mm.
Here we define the area value in the heatmaps larger than the actual
quasi-bubble diameter as gray, the quasi-bubble diameter can be read by
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Fig. 6. Solid concentration distributions of the packed beds in presence of
single quasi-bubble measured by the ECT with different concentration models.
The packed particles are Al,O3. The Colorbar represents the normalized solid
concentration.

determining a concentration model and a threshold. Overall, it can be
clearly seen that the threshold required to obtain the actual diameter of
a specified quasi-bubble decrease when the concentration model is
chosen in the order of the series, Maxwell, parallel and inverted-
Maxwell model. This suggests that the bubble size calculated is highly
dependent on the concentration model and threshold. More specifically,
taking Fig. 7d as an example, to recover the quasi-bubble diameter of 48
mm as best as possible, we need to choose a normalized threshold (the
ratio of the critical cutoff of solid concentration to the packed bed solid
concentration ¢°) as high as 0.99 when using the series model, while 0.9
when using the inverted-Maxwell model. Note that the quasi-bubble
diameter of 48 mm still cannot be obtained (only 45.2 mm) by using
the inverted-Maxwell model with a threshold of 0.99. This can be also
possibly attributed to the electrodes design and insensitivity of central
zone for ECT [16,22,23]. However, for the quasi-bubble diameter of 18
and 28 mm (< electrode length of 30 mm), when using respectively the
Maxwell, parallel, inverted-Maxwell model with a threshold of 0.99, the
calculated quasi-bubble diameters are higher than actual.

Further Fig. 8 shows the effect of ratio of actual quasi-bubble

. dacmql . .
diameter to electrode length (%{"T“‘;’”E) on the relative quasi-bubble

calculated
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sequently decreases, and then becomes a constant (about 0.94) when
using the Maxwell, parallel, and inverted-Maxwell model. Furthermore,
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it can be seen that the higher threshold of 0.99 can offset the issue of
ealculated dactual
compressed bubble size (i.e., -Z=b ~ 1) when 0.66 < L”';“ <11.In

jactual i3
dquasibubble electrode

calculated

other cases, Zizi™ becomes less than 1 regardless of the threshold
‘quasibubble

taken. Generally speaking, the accurate acquisitions of bubble sizes
require carefully selecting thresholds that depend on both the bubble
size and concentration models used. Whilst there is a range of thresholds
that will yield a similar result, no single threshold would be applicable
across the whole range of bubble sizes. This also indicates that more
synergistic work in the future is needed by considering the image
reconstruction algorithms, hardware, and concentration models simul-
taneously to eliminate this issue in ECT measurements.

4.3.2. Bubbling fluidization experiments

To gain further insight into the effect of concentration models on the
bubble size for the actual particles systems, we studied the bubble be-
haviors in a bubbling-slugging fluidized bed containing the Al,O3 par-
ticles using different concentration models (the range of superficial gas
velocity is 2.4 ~ 3.6 cm/s). The bubble sizes measured by ECT [15] with
four typical concentration models, as function of superficial gas veloc-
ities, are shown in Fig. 9 (details of calculation are added in the sup-
plementary material, see Figure S5 ~ S7). These results have been also
compared with the predictions by empirical correlations of Mori and
Wen [45] and Darton et al. [46]

h
Db = wa — (Dboo 7Dbo)exp(70.3 B) (10)
Dy, = 0.54(U — Upy) ™ (h + 4y/Ag) g2 a1

where Dpo, = 1.49[D?(U — Upy)]>* and Dyy = 0.376(U — Uyy)*. Here h s
the height above the gas-distributor, A, the gas-distributor character-
istic parameter, andA, = O for porous gas-distributor. For convenience,
the operating aspect ratio (the ratio of the bed depth to bed diameter) of
fluidized bed was set to 10 (corresponding the actual bed depth is 60 cm)
so that a typical deep bed was achieved and a stable single-bubble (a
slug) passing through the ECT measurement region (the centerline of the
ECT sensor is 50 cm above the gas-distributor) could be detected for
certain gas velocities [47]. Here the normalized thresholds of 0.465, 0.8,
0.9, and 0.98 were chosen to calculate the bubble diameters, and we
assume that the zone between the two correlations is the precise aver-
aged bubble diameter zone. From the figure we can see that for the
normalized threshold of 0.465 (the actual threshold is 0.2) the calcu-
lations of bubble diameters are seriously underestimated (< 10 mm) for
the four models, however, in some other works [15,48], the bubble size
can be well calculated by the threshold of 0.2. We think this may be
related to the particle properties, reactor size and operating conditions.
Specifically, it might be due to the type of slugging during the experi-
ments. From the Figures 3 and 5 in the paper by Agu et al. [48], we can
find that their operational regimes were more like the wall-slugging,
however, in our work, the regimes are essentially center-slugging. The
position of slugging in the fluidized bed would affect the choice of
threshold. When using the series and Maxwell model, the optimal
normalized threshold is 0.98 or so, which is much higher than the
thresholds of 0.7 ~ 0.9 [36,49]. And if using the parallel, inverted-
Maxwell model, the optimal is about 0.9. All models with an optimal
threshold are able to reflect the averaged bubble size and trends.
However, compared to detecting the quasi-bubble with diameters of 38
mm and 48 mm, the optimal threshold of 0.9 in the bubbling fluidization
experiments is lower than the optimal threshold of 0.99 (see Fig. 8) in
the hollow glass sphere calibration experiments, this may be due to that
the presence of a certain amount of gas in the emulsion phase so that the
bubbles are more easily identified.

In general, the accurate quantification of bubble size in ECT mea-
surements is related to many factors, including but not limited to the
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reconstruction algorithm, concentration model, and threshold of solid
concentration. As shown in this work, the role of concentration model in
bubble size determination cannot be omitted. However, using some of
the listed mixing models, unreasonably high threshold is needed to fit
the bubble size with empirical correlations. A high threshold may lead to
a narrow adjustable range for the solid concentration during the bubble
identification, which is not conducive to the accurate measurements of
bubble size and sometimes magnifies artifacts.

4.4. A general strategy of concentration model

From above discussion, it is known that the conventional concen-
tration models have to be improved in order to obtain the accurate re-
sults of the solid concentration and bubble size. Here we found that a
general concentration model, which is given in the format of a power
function, can better represent the relation between the permittivity
distribution and gas-solids distribution in gas-fluidized beds,

b =G an
where « is a fitting parameter obtained by the least-square fitting of the
solid concentration in the homogeneous fluidization regime (here only
for Geldart’s group A particles). The schematic representations of the
proposed concentration model for a = 1.5, 2 and 3 are illustrated
respectively in Fig. 10.
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4.4.1. Proposed model for time-averaged solid concentration

-
o

Kr=4 To validate the feasibility of the proposed concentration model,
proposed model o = 1.5 Fig. 11 compares the time-averaged solid concentration measured by the
proposed model o = 2 homogeneous bed expansion experiments and that measured by ECT

0.8 4 proposed model a = 3 with the proposed model for three kinds of particles mentioned above. In

the Section 4.2, we could find that the time-averaged solid concentration
measured by ECT using the conventional concentration models deviate
0.6 - essentially from that directly measured with bed expansion experiments,
and the deviations become larger as the time-averaged solid concen-
tration decreases. Here the optimal fitting parameter « is 2 for FCC type
0.4 - of particles while 1.5 for Al,O3 particles. As can be seen, the time-
averaged solid concentration measured by ECT using the proposed
model with an optimal « is in accordance with the results obtained by
0.2 - the homogeneous bed expansion experiments for all gas velocities, with
the errors being within 3%. To investigate the sensitivity of a, we arti-
ficially changed a by &+ 20%. From Fig. 11 we found that the results of
0.0 . . : : time-averaged solid concentration become higher if @ was reduced by
0.0 0.2 0.4 0.6 08 1.0 20% and lower if @ was increased by 20%. However, the overall errors
still fall within + 3%, indicating the robustness of the proposed model, i.
e., the variation of time-averaged solid concentration are negligible (<
Fig. 10. Mapping normalized permittivity to normalized solid concentration by 3%) suppose that a changes by = 20%.

the proposed concentration model (¢ — G*) with different exponents (« — 1.5, Fig. 12 further shows how the model responds to the minor changes
2, and 3). in the optimal fitting parameter a. The sensitivity of a is different for

Normalized solid concentration (-)

Normalized permittivity (-)
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Fig. 11. Comparison of time-averaged solid concentration measured by the ECT with the proposed concentration model (¢ = G*) and the homogeneous bed
expansion experiments. The fluidized particles are (a) FCC I, (b) FCC II, and (c) Al,O3, the static bed depth is 10 cm.

different particles systems. Considering the + 3% error span, the
changeable span of optimal parameter a is about —30%~35% for the
FCC II and Al,Oj3 particles, about —10%~20% for FCC I particles. We
also conducted some additional experiments, and the data from these
additional experiments were used as the test data set (see the black
dots). It is found that these additional data can fit the model prediction
very well for different particle systems, suggesting the model is genetic
and robust.

4.4.2. Proposed model for bubble size

We also tried to reconstruct the solid concentration distribution with
ECT using the series, Maxwell, parallel, inverted-Maxwell, and proposed
model for the situation that a quasi-bubble was immersed in the gas-
fluidized bed, and obtained the quasi-bubble diameter. Fig. 13 shows
the average relative error of diameter of three quasi-bubbles with inner
diameters of 28, 38, and 48 mm respectively. Here, a normalized
threshold of 0.9 was chosen to identify the boundaries of these quasi-
bubbles. As can be seen, for the quasi-bubble with an inner diameter
of 28 mm, the series model results in an average relative error of up to
97%, while the inverted-Maxwell model about 20%. It is also
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noteworthy that for the quasi-bubble with larger diameters (i.e., 38 and
48 mm), the difference between the results obtained by the parallel
model and that by inverted-Maxwell model reduced, with the errors
being within 20%. The proposed concentration model, meantime,
manifests the minimum relative errors, about 17%. In addition, as
shown in Fig. 14, the single-bubbling (or slugging) regimes for three
particles systems (FCC I, FCCII, and Al;0s3) in the gas-fluidized bed were
also visualized by ECT with the proposed concentration model,
compared with other models. Here we specify that the lower solid
concentration is, the darker red color of the marker is. And these single-
bubbles are profiled with the contours of 0.7, 0.8, and 0.9 respectively.
As mentioned above, the solid concentration distributions obtained by
using the conventional series model are high, so that the contours of 0.7
cannot be presented in these cases. The presentation of these bubbles is
enhanced with the order of the series, Maxwell, parallel, and inverted-
Maxwell model. However, in terms of bubble size, due to the higher
threshold, there is still a lot of room for improvement. Further we reused
the proposed model to reconstruct these single-bubbling regimes, from
the figure we can found that the proposed model outperforms other in
the identification of gas-solids distribution.
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5. Conclusions

Concentration models play an essential role in mapping the permit-
tivity to solid concentration distribution. In this paper, the effects of
concentration models on the key hydrodynamic parameters (time-
averaged and transient solid concentration, and bubble size) in gas-
fluidized bed measurements are investigated through a series of exper-
iments (i.e., the homogenous bed expansion experiments of Geldart’s
group A particles, the hollow glass sphere calibration experiments, and

11

the bubbling fluidization experiments). In addition, a power law model
has been proposed. Based on this work, the following conclusions are
drawn:

(a) The time-frequency analysis of transient solid concentration
fluctuations shows that the hydrodynamic parameters of such as bubble
velocity, bubbling frequency and fluidization transition velocity are not
affected by the choice of concentration model.

(b) The homogeneous bed expansion experiments of Geldart’s group
A particles show that the time-averaged solid concentration measured
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referred to the web version of this article.)

by ECT with the conventional concentration models (i.e., the series,
Maxwell-Garnett, Maxwell, Bottcher, power-law with a = 0.5, parallel,
and inverted-Maxwell model) are usually higher than the results ob-
tained by the homogeneous bed expansion, which has not been well-
recognized in the field.

(c) The hollow glass sphere calibration experiments show that the
accurate acquisitions of bubble sizes require carefully selecting thresh-
olds that depend on both the bubble size and concentration models used.
Whilst there is a range of thresholds that will yield a similar result, no
threshold would be applicable across the whole range of bubble sizes.

(d) As shown in this work, the role of concentration model in bubble
size determination cannot be omitted. When using some of the listed
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mixing models, unreasonably high threshold is needed to fit the bubble
size with empirical correlations. However, A high threshold may lead to
a narrow adjustable range for the solid concentration during the bubble
identification, which is not conducive to the accurate measurements of
bubble size and sometimes magnifies artifacts.

(e) A general strategy for concentration model given in the formula
of a power function has been proposed. It is found that, if the optimal
fitting exponent « is obtained by the least-square fitting of solid con-
centration in homogeneous fluidization regime of Geldart’s group A
particles, the proposed model can better represent the relation between
the permittivity distribution and solid concentration distribution in gas-
fluidized beds. The sensitivity analysis of model shows that the model
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output seems unaffected (error < 3%) by changes in optimal parameter
a within + 20%.

Although the proposed model has shown good performance for
Geldart’s group A particles, extending this model to more general ap-
plications still need to be further explored with regards to the electrodes
design, image reconstruction algorithms, particles and fluid properties,
reactor size, and among many others. In future works, it will be inter-
esting to synergistically check the sensitivity of proposed model to these
factors within a wider range in ECT measurements of gas-fluidized beds.
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