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Fluidization conditions in a circulating-fluidized bed (CFB) can vary dramatically, from
bubbling to circulating regimes. The granular Eurlerian models have been used to simulate
the bubbling and slugging behavior of gas and solids in CFB. Considering the dielectric
properties and rapid movement of solids in CFB, electrical capacitance tomography (ECT) is
particularly suitable for measuring the concentration and distribution of solids in CFB to
verify the simulation results. The simulation results by computational fluid dynamics (CFD)
analysis and experimental results obtained by ECT are reported, and compares the simulation
and experimental results first time, including the solids concentration profile, temporal
variation of average-solids concentration, autocorrelation coefficient and frequency spectrum.
© 2006 American Institute of Chemical Engineers AIChE J, 52: 3078-3087, 2006
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Introduction

Fluidized beds are commonly used in chemical, petroleum,
process and power industries, for example, for drying, catalytic
reaction and coal combustion. In particular, circulating-fluid-
ized beds (CFB) have been extensively studied for efficient and
clean coal combustion in the next generation of power plants.

The efficiency of heat and mass transfer in a fluidized bed is
a function of operational parameters, such as the gas flow rate,
particle size, particle density and height of settled bed. Also, it
strongly depends on the gas-solids flow pattern. It is well
known that the dynamics of a fluidized bed can be character-
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ised by two time-scales. Large-scale fluctuation occurs owing
to formation of bubbles during fluidization, and arising from
the circulating motion of particles. Small fluctuation is induced
by the interphase interaction between individual particles or
collections of particles. In particular, the flow pattern just
above the air distributor at the bottom of a fluidized bed is
determined by gas-particle interaction, particle-particle inter-
action and bubble coalescence. Therefore, these interactions in
the time domain can be characterized by both large and small
fluctuations. A qualitative and quantitative description of the
gas-solids hydrodynamics just above the air distributor is fun-
damental for understanding the mechanism responsible for
transition between bubbling and slugging-flow regimes, and is
critical to ascertain the optimum design of a fluidized-bed
system, which should be characterized by a high-efficiency of
heat and mass transfer between gas and solids phases. How-
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Figure 1. Experiment setup and ECT sensor.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

ever, it is very difficult to investigate this fluidization phenom-
enon using radiation-based methods because of the rapid fluc-
tuation (over intervals of milliseconds or less) of voidage in a
fluidized bed.

The continuing development of electrical capacitance to-
mography (ECT) provides an opportunity to investigate the
fluidization phenomena. ECT is particularly suitable for two-
phase gas-solids systems, and has been used to investigate
pneumatic conveyors and fluidized beds. A number of re-
searchers!-2-34> have investigated the internal structures of bub-
bling-fluidized beds, and have shown the movement of bub-
bles. As an example, an ECT system was used to investigate
the growth of bubbles near the bottom of a bubbling-fluidized
bed.* Liu et al.° compared the solids concentration in a fluid-
ized bed measured by ECT, with the data measured by a
pressure difference method, showing a good agreement under
high-concentration conditions. Du et al.” also investigated the
internal structures in fluidised beds of various diameters, and
demonstrated the capability of ECT for small beds with a
diameter up to 0.3 m.

Usually, circular ECT sensors are used for applications in
the process industry. Since square or rectangular CFB are
commonly used in some other industries, such as the power
industry for coal combustion, there is a demand on ECT to
image such apparatus. For this purpose, a square sensor has
been developed.® Prior to the study reported by this article,
some preliminary results have been reported on real-time mea-
surement of square fluidized beds.*1°

Table 1. Experiment Conditions

Experiment Unit Operating Condition

Column Cross section: 140 X 140 mm
Height: 2.8 m
Material: sand
Distributor Perforated PVC: 81 holes of 6 mm in diameter
Fluidizing gas Air at ambient condition
ECT system Single plane, 12 electrodes, AC-based ECT!?

Experimental span 110 seconds
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Table 2. Physical Properties of Particles

Particle Size or Dimension
Mean particle diameter 0.3 mm
Particle density 2660 kg/m?
Height of static bed 200 mm

With ECT, a two-phase system is interrogated by an array of
sensing electrodes from many different viewing angles around a
cross-section. Capacitance between each pair of electrodes is
measured. With the sensing area being divided into many virtual
pixels (typically 32 X 32), an image representing the cross-
sectional distribution of materials is reconstructed, using the mea-
sured capacitance data and certain image reconstruction algo-
rithms. In this research, an optimized iterative method based on
the Landweber method is used for reconstructing images.'%!!

In this article, simulation results obtained by computational-
flow dynamics (CFD) analysis using software package FLU-
ENT and experimental results obtained by ECT are reported.
Two-fluidization regimes, namely bubbling and slugging, are
investigated. Solids fluctuation is analyzed using the time se-
ries theory, such as the fast-Fourier transform (FFT) and auto-
correlation. Some statistical parameters, such as the frequency
spectrum of time series of solids concentration, autocorrelation
coefficient, probability-density function (PDF) of solids con-
centration, and nonlinearity are analyzed for understanding the
chaotic behaviour of solids in CFB.

Description of Physical and Numerical Model
Governing equations

The two-fluid models'>'? are the most commonly used for
the simulation of fluidized beds, in which the fluid phase and
the particulate phase are assumed to behave like two interpen-
etrating continua. The conservation equations employed in the
models can be seen as a generalization of the Navier-Stokes
equations for interacting continua. In this research, the gas-solids
two-phase flows in CFB are three-dimensional (3-D), nonsteady
and without heat and mass transfer. The governing equations in
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Figure 2. Boundary and initial conditions of CFD.
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Table 3. Model Parameters for CFD

Parameter Value Comment or Reference
Particle diameter (d,) 0.3 mm No size distribution
Particle density (p,) 2660 kg/m? Sands
Coefficient of restitution (e) (Particle-particle interaction) 0.9 Pain et al.22
Coefficient of restitution (e) (Particle-wall interaction) 0.75 Pain et al.22
Maximum-solids fraction (& .,) 0.61 Wachem et al.??
Minimum-fluidization velocity (u,,/) 0.09 m/s From Ergun?*
Time-step (Atr) 0.2 ms For convergence
Settled-bed height (h) 200 mm Fixed value
Column height (H) 1.0 m Fixed value

Mesh spacing (Ax X Ay X Az)

0.5 X 0.5 X 0.5 cm To reduce numerical diffusion

the Cartesian (x, y, z) coordinate system for the conservation of
mass and momentum for each phase are given by

dep -
o TV ep V) =0 M
dgp; -

at + V . (SSPSVS) = 0 (2)

d - - -
3 (gp V) + Ve(epV,V,)=—eVp+ V-7, +e,pz

- BV, —V) (3

d > - -
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The above mass and momentum conservation equations contain

unknown velocities and instantaneous void fractions &, and &,. An

additional algebraic equation based on volume continuity is

+e,=1 ®)

Kinetic theory of granular flow

This model requires additional constitutive equations to de-
scribe the gas and solids stress tensors 7, and 7,, gas-particle

X-Z sliced plane
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Figure 3. Sliced plane for analysis of CFD results.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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interphase drag coefficient 8 and solids pressure p,. Ding and
Gidaspow,'# Gidaspow et al.'3!> and Lun et al.'® reported the
use of the kinetic theory for modelling granular flows. Non-
ideal (that is, no elastic) particle-particle collisions are modeled
using the concept of granular temperature, which is defined by

0=5(C,-C,) (6)

where Fp is a random fluctuating velocity of particles, and the
brackets denote ensemble averaging.

The variation of the particle-velocity fluctuations is de-
scribed by a separation equation, the so-called granular tem-
perature equation.

379 - _ -
E [m (SSPSO) + V ° (SSPSBVS) = (_PSI + i-S): VVS

TV kVO) =y, + o, (D)
The lefthand side of Eq. 7 is the net change of the fluctuating

energy. It is equal to the sum of the generation of fluctuating
energy (—P,J + 7,): VV_, the diffusion of fluctuating energy
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Figure 4. Instantaneous particle-concentration distributions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5. Instantaneous particle concentration, particle
velocity and gas velocity in bubbling fluidiza-
tion.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

V - (k,V0), the dissipation vy,, and the exchange of granular
temperature between the gas and solids phase ¢,.

In FLUENT, there are four methods to solve the solids
granular temperature: (1) algebraic formulation, (2) partial-
differential equations, (3) constant granular temperature, and
(4) user define function. In the following simulation, partial-
differential equations are used to solve the granular tempera-
ture.

Constitutive equations

The interphase momentum transfer is an important term in
the modelling of gas-particle interactions, since fluidization of
particles results from the drag exerted by interstitial gas on the
particulate phase. The form and skin drag are combined in one
semiempirical parameter, the interphase momentum-transfer
coefficient 3, which is given by Eqs. (A1-A4) in the Appendix.
The Newtonian viscous stress of the gas phase and stress tensor
of the solids phase is given by Eqs. A5-A6. Results from the
kinetic theory model for granular phase constitute relations that
are given by Eqs. A7-A13, in which the pressure of the solids
phase described by Eq. A9, and viscosities described by Eq.
A10, are dependent on the granular temperature 6 as described
by Eq. 7.

10.08 10,135 10258

Figure 6. Bubbling behaviour in 3-D.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7. Average solids concentration.

Experiment setup

A CFB setup with an ECT sensor for tests is shown in Figure
1. The detailed parameters, such as the experimental conditions
and physical properties of particles, are listed in Tables 1 and
2. The superficial fluidization velocity u,,» was chosen to cover
a range of conditions, from bubbling to slugging regimes, with
a minimum velocity of 0.04 m/s, and a maximum velocity of
1.5 m/s. Twelve electrodes are mounted on the outside wall of
the fluidized bed, with three electrodes on each side. The
electrodes are enclosed to eliminate external interference. Each
electrode has a length of 10 cm and width 4 cm. The measure-
ment region encompasses a height between 5 and 15 cm above
the air distributor for the measurement plane. Therefore, each
pixel in the ECT image represents an axial average over this
rectangle measurement volume.

Simulation and experimental results and data analysis

Eqgs. 1-7 with the boundary and initial conditions as shown
in Figure 2 were solved numerically using FLUENT, which
uses a control-volume-based technique to convert the govern-
ing Eqgs. (1-7) to algebraic equations on each finite cell so that
they can be solved numerically. With the control-volume tech-
nique, the governing equations about each control-volume are
integrated and discrete equations are obtained. This conserves
each quantity on a control-volume basis to avoid attendant
numerical issues including interpolation functions. The number
of equations and unknown parameters are listed in the Appen-
dix Table Al. There are 20 equations and the same number of
unknown parameters. The wall of CFB is treated as nonslip
boundary for the gas phase, that is, the velocity of the gas phase
is set to zero at the wall. For the solids phase, the free slip
condition is assumed, that is, there is no hindrance in the
downward or upward velocity of the particles when they are
near the wall. The granular temperature of the solids phase at
the wall was given in a reference.!® At the outlet, the ambient
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Figure 8. Solids concentration at single point.
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Table 4. Variation of Solids Concentration at Single Point
by CFD Simulation

Table 5. Variation of Solids Concentration at Single Point
from ECT Results

Flow Regime Bubbling Slugging Flow Regime Bubbling Slugging
Point Position Center Near Wall Center Near Wall Point Position Center Near Wall Center Near Wall
Min of A (%) 1.68 1.06 0.573 0.25 Min of A (%) 1.68 3.06 1.17 0.15
Max of A (%) 60.8 60.7 60.7 60.5 Max of A (%) 66.8 67.3 62.0 65.9
Mean of A (%) 29.6 50.6 39.3 54.4 Mean of A (%) 51.3 55.7 31.1 45.2

SD 0.149 0.106 0.189 0.106 SD 0.127 0.176 0.134 0.106

atmosphere pressure and continuous mass fluxes of both gas
and solids are assumed. Initially the bed is operated at incipient
fluidization conditions, with a superficial gas velocity above
the minimum fluidization velocity. More details on the solids-
phase boundary are given by Sinclair and Jackson.!® It has been
shown??-2! that under the same conditions there is significant
difference between the 2-D and 3-D simulation. In fact, 2-D
simulation can only be used for sensitivity analysis, and quan-
titative validation must be done in 3-D. Therefore, a fully 3-D
CFB model was assumed for the simulation. A uniform finite
element cell of 28 X 28 X 200 in the x, y and z directions,
respectively, was used. It has been shown that 100 cm height
domain for the simulation is adequate to minimize the effect of
the imposed outlet boundary conditions on the main flow.
Simulations were performed for 115 s with a time-step size of
0.2 ms. The simulation parameters are listed in Table 3. The
height of CFB column is 1.0 m, and the average gas velocity
lies between 0.2 and 0.5 m/s as listed in Table 1. The fluidized
gas takes about 5 s to pass through the channel of the bed. To
disregard the effect of the impulsive initialisation effect, the
first 5 s were neglected. To validate the CFD results, images
were reconstructed using ECT with a square grid, 28 X 28
pixels. The size of each pixel is 0.5 X 0.5 cm, which is the
same as the CFD simulation. The imaging speed is 140 frames
per second.

Solids concentration profile by CFD

Figure 4 shows the computed instantaneous particle concen-
tration in the x—z and x—y sliced planes (as defined in Figure 3)
at difference time. The fluidization velocity is 0.3 m/s in Figure
4a and 0.42 m/s in Figure 4b. As can be seen, bubbles were
created near the bottom corners of the bed at t = 10.0 s, and
then moved up and grown at time t = 10.1 s, which is clearly
shown in the x—y cross section. At t = 15.0 s, another bubble
was created and moved up. Also, at t = 15.0 s, two bubbles
coalesced can be seen at the top of Figure 4a. This coalescence
behavior is consistent with the explanation by Clift and Grate.?
As a result of coalescence near the top of the bed, bubbles in this
region are larger than those near the bottom. Since at the top of the
bed the size of the bubble is comparable with the diameter of the

1.0 1.1
_— 3 .

—RumeesEw

Figure 9. Cross-sectional concentration of solids.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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bed, the fluidized bed is mainly working in the slugging regime.
These phenomena are clearly shown in Figure 4b.

Clift and Grace?’ explained that, as a bubble approaches the
upper free surface of a fluidised bed, a dome was seen to rise
in advance of the bubble. A mantle of solids separating the top
of the dome from the roof of the bubble diminished in thick-
ness, until the bubble broke through. Similar behavior can be
observed in the volume-concentration distribution of particles
in Figure 4. Periodically, relatively large bubbles burst through
the bed surface, collapse rapidly and then new bubbles slowly
re-expand the bed.

Bubbles are subject to elongation when rising along vertical
tubes,?¢ or during interaction with the wall or other bubbles. It
has been shown by the simulation that other bubbles play an
important role in the elongation of bubbles. Figure 5 shows the
elongation of a bubble along the central axis of the bed. The
effect of other bubbles on the change in direction, shape and
velocity of the bubble are clearly seen in Figure 4. Three
counter-rotating vortices created along the bubble, at time ¢ =
20.0 s, can be seen in the particle velocity vectors. At time ¢t =
21.5 s the fourth vortex is created near the bottom of the bed.
It can also be seen from the gas velocity vectors of the gas
phase that the gas enters from the bottom of the bubble and
exits at the top. Figure 6 shows the bubble in the bed in 3-D,
indicating the effect of the wall on the elongation of the bubble.

Figure 7 shows the time series of average solids concentra-
tion A along a cross-sectional profile, which is axial average
between z = 5 cm and z = 15 cm above the bottom of the
distribution plate. A zoomed portion of each curve is shown in
the bottom of each figure. In the bubbling fluidization regime,
A varies from 21.8% to 60.9%, with a mean A of 52.3%. In
slugging fluidization regime, the fluctuation is much larger than
in the bubbling regimes and A varies from 18.0% to 58.9%,
with a mean value of 33.0%. In Figure 8, the behavior of solids
at different positions in the fluidized bed is compared. The
point near the wall has a more complex fluctuation than that in
the centre. Table 4 lists the details of the variation of A for
different flows.

Solids concentration profile measurement by ECT

As mentioned earlier, ECT images were reconstructed with a
square grid, 28 X 28 pixels. The size of each pixel is 0.5 X 0.5 cm
which is the same as the CFD. Two sequences of images for
bubbling and slugging fluidization are shown in Figure 9.

The solids concentration shown in these images varies be-
tween 28% and 59% in the bubbling bed with an average of
52.1%, and varies between 13% and 58% in the slugging bed
with an average of 36%. Table 5 lists the details of the variation
of A at the same points as in Table 4 for bubbling and slugging
regimes. It can be seen that there is a region of low-solids

September 2006 Vol. 52, No. 9 AIChE Journal
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Figure 10. Elongation process of two bubbles.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

concentration, close to the center of CFB, showing the char-
acter of the bubbling and slugging regimes. From the experi-
mental results, it can be concluded that the cross-sectional area
is largely occupied by solids with scattered gas bubbles in
bubbling and slugging regimes. In the slugging regime, the
concentration profile varies dramatically with the alternating
appearance of large bubbles, sometimes with a single bubble and
sometimes with two or more bubbles. The average concentration
is also smaller than in the bubbling regime. From the earlier
features, the flow regimes of the CFB can be easily identified.

From the ECT results, interaction between bubbles can be
seen, which present similar behavior to that obtained by the
CFD simulation. In Figure 9, we can see the effect of the wall
on the bubble elongation and other bubbles. Atz = 1.1 s, there
are three bubbles in the cross-section of the slugging bed, and
then become one bubbles because of the bubble elongation at
t = 1.4 s. Att = 1.5 s, there is only one big bubble. Figure
10 shows the elongation process of two bubbles in the bubbling
and slugging bed. These phenomena are similar to the CFD
results.

Bubble size in bubbling regime

Experimental work was carried out in the 1970’s and 1980’s
to investigate the bubble behavior in gas-solids fluidised beds.
Darton et al.?” suggested a semiempirical model describing the
bubble growth

D, = 0.54(U, — U,)"*(h + 4 \’/ITO)O'S/gO'z ®)

where D, is the bubble diameter, & is the height of the bubble
above the distributor, A, is the catchments area, which char-
acterizes the distributor, and 0.54 is the experimental constant.

Darton et al.2” defined a bubble as an area, where the solids
concentration is below a certain value. Wachem et al.2> chose
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D artonequation(1377)
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Figure 11. Bubble diameter vs. bed height in bubbling
regime.
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Figure 12. Variation in bubble diameter in bubbling re-
gime obtained by ECT at the height of 0.15 cm
above the air distributor.

this value to be 20%. Figure 11 shows the bubble diameter as
defined by Darton et al. and the CFD results in the bubbling
regime. It can be seen that the bubble diameter predicted by
CFD are slightly smaller than that obtained by Eq. 8 in the
bubbling regime. A possible reason for this is a deficiency of
the measuring technique by Darton?” in measuring very small
bubbles. The condition and model for CFD simulation also
influence the distribution of bubble diameters. In ECT mea-
surement, one plane ECT sensor was used. Therefore, the
bubble size is given in Figure 12 in one position only, at a
height of 15 cm above the air distributor. The bubble diameter
varies from 1 to 8 cm with a mean value of 4.35 cm, which is
higher than that predicted by CFD, but close to the Darton’s
results. A possible reason is the point-spread effect of soft-field
image reconstruction. This situation may be improved by ap-
plying a suitable threshold to the obtained images.

FFT is a commonly used technique for fluidisation analysis.
In the past it has been employed extensively with pressure
measurement to analyse the dynamic behavior and bubble
frequency of fluidized beds.?8:230 In this work, this technique
has been used for analyzing the fluctuation of the solids con-
centration, aiming to compare the CFD with ECT results.

Figure 13 shows the variation of the average solids concen-
tration A over the cross-section with time by ECT. The bub-
bling and slugging regimes present both different amplitude
and different time behavior. In the bubbling regime, A varies
from 23.5% to 60%, with a mean A of 52%. In the slugging
regime, the fluctuation is much larger than in the bubbling and
circulating regimes, and A varies from 0.05% to 60% with a
mean A of 46.5%. The probability density function (pdf) for
each flow regime was computed and shown in Figure 14 for
both CFD and ECT results. In the bubbling regime, the differ-
ence between the two methods is very small, whereas in the
slugging regime the difference is increased. Because of the
fluctuation in the slugging regime, the particle behavior is more
complex than that in the bubbling regime.
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Figure 13. Average concentration.
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Figure 14. Probability vs. solids concentration.

To quantify the temporal patterns, autocorrelation functions
were calculated for both the ECT and CFD results. Autocor-
relation function between two points separated by a time lag, k
time’s Az, is expressed as3!

N—[k—1|

= > (AMn)—NA(n—k) —X) ©)

n=0

The autocorrelation function may be normalized by the value at
zero lag, ¢, (0), thus

o ealb) 0
cxx( )_ CA:X(O) ( )
where, -1 = ¢,, = 1.
In Eq. 9
1 N
A=5 2 A (1n)

Figure 15 presents the autocorrelation functions. It can be
seen that the decay in autocorrelation with time-lag is fast for
the bubbling and slugging regimes. In the bubbling regime, it
has a more periodic autocorrelation on a scale, which is similar
to the bubble frequency. This seems to be a correlation with
respect to the bubble dynamics.

It was reported that the pressure fluctuations in the bottom of
the bed occurs between 0.5 and 1.4 Hz.'%2® For comparison
purposes, FFT is performed to obtain the frequency spectra of
A, and the results are shown in Figure 16. The frequency
spectrum obtained by FFT clearly illustrates a peak corre-
sponding to a frequency of about 1.4 Hz for the bubbling
regime, and 1.2 to 2.0 Hz for the slugging regime according to
both the CFD and ECT data. The finer structures in the fre-
quency spectrum are shown in Figure 17. To study the fall-off
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Freguercy 1z Frequency (Hz)

Figure 16. Frequency spectrum.

with frequency, the spectra are plotted on a logarithmic vertical
axis vs. frequency. In spite of the large difference between the
bubbling regimes, there is little difference between the power
spectra above 1.5-10 Hz, as shown by the low-frequency
macrostructure of the flow. It seems that 1.5-10 Hz is a
transition range in the cases studied. The curves showed in
Figure 17 can be divided into two regions: Region 1 (to the left
of the vertical line), and Region 2 (to the right of the vertical
line) from 2.5 to 10 Hz, which can be fitted as power-law
(Pxx ~ f*) with about equal accuracy, around 2. The dominant
frequencies reveal that they vary with the position in the bed,
from 1 to 6 Hz.

In Figure 18 the dominant frequencies at the centre and near
the wall in the bubbling and slugging regimes are compared.
Table 6 summarizes the dominant frequency for the CFD and
ECT results of two points. In the bubbling regime, CFD gives
one dominant frequency about 1.8 Hz for the central point, and
three frequencies 0.4, 0.9 and 1.6 Hz for the near wall point.
ECT gives 0.4 and 1.5 Hz for the central point. In the near wall
points the ECT results are 0.6, 1.5 and 2.7 Hz. In the snuggling
regime, CFD and ECT give similar results. From these results,
it can be seen that both CFD and ECT can reflect the complex
solids behavior near the wall.

Time-average behavior for particles

Figure 19 shows the changes in the distribution of solids
concentration along the height of a fluidized bed. The data from
ECT were obtained at 10 cm above the air distributor. Numer-
ical results were simulated at four difference positions as
depicted.

For both bubbling and slugging regimes the results show
significant evolution of solids concentration along the bed
height. In particular, for a slugging regime a “crown-like”
concentration can be observed, which is congruent with the
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. i . [Color figure can be viewed in the online issue, which is
Figure 15. Autocorrelation coefficient. available at www.interscience.wiley.com.]
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Figure 18. Average concentration and frequency spec-
trum.

results reported by Pain et al.?>32 and Malcus et al.3* Compar-
ison between the measured and calculated values is given at the
height of 10 cm above the air distributor. For a bubbling regime
as shown in Figure 19a there is a good agreement between the
calculated and measured values. For a slugging regime in the
near wall region, the CFD results and ECT data also show a
good agreement. However, in the central part of the channel
there is nearly 100% difference between the measured and
calculated values. It was reported that the accuracy of the ECT
system decreases when the solids concentration is decreasing.!

In terms of cross-sectional average concentration, the data
from ECT for a bubbling-flow regime are very close to those
predicted by CFD simulations. For a slugging regime the
difference between the cross-sectional average values is larger.
As discussed earlier, it may be caused by errors in measuring
lower-solids concentration in the central part of the bed.

The calculated solids velocity values, for the same positions
as solids concentration, are presented in Figure 19¢ and d. For
the both flow regimes the velocity profiles are developing from
a relatively flat profiles at the lowest position above the air
distributor (A = 5 cm) to a parabolic shape in the central part
of the channel. Close to the wall the solids velocities are
negative, which illustrates downward slides motion in this
region. For the bubbling and slugging flow regimes, the dif-
ference between the maximum and the minimum velocities is
0.6 and 1.0 m/s respectively.

Table 6. Comparison of CFD and ECT Results in Terms of
Dominant Frequency

Bubbling Slugging
CFD ECT CFD ECT
Mean average 1.65 1.52 1.92 1.97
Center 1.8 04, 1.5 0.1, 2.1 1.6
Near wall 0.4, 0.9, 1.6 0.6, 1.5, 2.7 1.94 1.8
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Figure 19. Time-average of particle distribution at differ-
ent height of CFB.

Conclusions

This article presents a validation of CFD modelling of bub-
bling and slugging-flow regimes against the experimental data
obtained from ECT. The presented CFD model consists of a set
of mass and momentum conservation equations. The needed
constitutive equations describing solids-solids interactions are
derived from the granular theory. An ECT system was used for
imaging the solids distribution instantaneously, with an imag-
ing speed of 140 frames per second, within a square cross-
sectional area. An optimized iterative algorithm based on the
Landweber’s method was applied for online imaging of the
distribution of dielectric permittivity. The CFD results matched
well with the ECT results. From these results, the following can
be concluded:

(1) In the bubbling regime, the cross-section is largely oc-
cupied by solids with scattered gas bubbles. The instantaneous
solids concentration averaged in a cross-sectional area varies
from 23.5% to 60.0% with a mean average of 52.0%, which is
close to 52.31% predicted by CFD. The ECT data show that the
solids concentrations fluctuate more intensively near the wall
than in the central area. The standard deviation of solids
concentration is 0.176 in the near wall region and 0.127 in the
central area. The dominant frequency lies between 0.8 to 2.1
Hz, and the mean bubble diameter is 4.35 cm by ECT. The
calculated solids velocity profile has a flat character, and the
values vary from —0.3 m/s close to the wall, and 0.4 m/s in the
central area of the channel by CFD.

(2) In the slugging regime, the concentration profile varies
dramatically with the alternating appearance of bubbles and
dense solids. The average concentration of solids is 38.0% by
CFD and 46.5% by ECT. On the other hand, the dominant
frequency by the both methods is very close, which is lies
between 1.2 and 2.0 Hz for both CFD and ECT.

(3) Both CFD and ECT can give detailed profile information
describing the interaction between bubbles and between bub-
bles and the wall.

Due to the chaotic behavior of gas-solids distribution in
CFB, further work is needed, such as using the chaotic theory
to analyze the particle behavior by means of correlation dimen-
sion and Kolmogorov entropy through reconstructing the sys-
tem attractor>* in phase-space, and to calculate the chaotic
invariants. Further improvement in image reconstruction for
ECT would provide more reliable solids-distribution profile
measurement.
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Notation

A, = catchments area
C, = drag coefficient
C,. = auto-correlation coefficient
d, = mean particle diameter, mm
D,, = bubble diameter, cm
e = particle-restriction coefficient
g = acceleration due to gravity, m/s?
8o = Radial-distribution function
h = height of bubble above distribution, cm
I = identity tensor
k = conductivity of particulate fluctuating energy
Nu = Nusselt number
p = pressure, Pa
pr = prandtl number
ps = solids pressure
Re = Reynolds number
t = clock time, s
V = velocity, m/s
u = fluidization velocity, m/s

Greek letters

B = gas-particle exchange coefficients, kg/m? - s
& = volume fraction

p = density, kg/m?

A = volume concentration of solids

T = viscous stress tensor, N*/m?

u = viscosity, kg/m * s

6 = granular temperature, m?/s>

{ = Gas-particle transfer area, m*

Subscripts

D = particle
g = gas phase
k = turbulence

i, j, k = coordinate direction

s = solids phase
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Appendix e, \'"*1!
o . . g=|1- (AB)
Constitutive equations of two-fluid models € max

(a) Gas-particle interphase-drag coefficients
(f) Solid pressure

(sx)zl-Lg pg8s|€/g B fls'
&, <08, p=150- p+ 115y (AD) P,=e,p,0[1 + 2g55,(1 + €] (A9)
3 eeplV.—V, (2) Shear viscosity of solid
£,=0.8, Bzzcd%sgm (A2) g y

s = g 5Py .th( + e) ;

e,p.|V. — Vd, 24
Re, :M< 1000, €, =g [1+0.15(Re,)**] 10p.d, [1 i3 1+ )]2 (A10)
" s —_ = Qo€ e
(A3) 96(1 + e)e,g, 580
Re, > 1000, C,=0.44 (Ad) (h) Conductivity of particulate fluctuating energy
(b) Gas-phase stress _ 150pd,\(6) - 6 - 2
) . i 7 384(1 + e) g 5 ool + )
7= ml(VV, + (V7)) (AS) -
+ 2pd*(1 + e)go\[ (A11)
(c) Solid-phase stress ™
7,= —[&V VI + p(VV, + (VV)] (A6) (1) Bulk solid viscosity
d) Dissipation fluctuation ener 4 0
(@ Dissip & &= elpadgo(1 + o) \[ (A12)
3 T
=3(1 — e)elp,god| - L (A7)
Ys PEU g\ 7 y (j) Exchange of fluctuating energy between gas and particles
(e) Radial-distribution function at contact ¢, = —3B60 (A13)

Table Al. Parameters and Equations Listed in the CFD

Parameter name Parameter Number Equation Number

Gas velocity ‘i/g 3 (H~(5) 9
Solid velocity Vg 3

Gas pressure P, 1

Volume fraction for gas g, 1

Volume fraction for solid g 1

Granular temperature 0 1 7 1
Gas-particle exchange coefficients B 1 (A1) 1
Gas stress tensor T, 1 (AS) 1
Solid stress tensor T, 1 (A6) 1
Dissipation fluctuation energy Yy 1 (A7) 1
Radial distribution function at contact 8o 1 (AB) 1
Solid pressure P, 1 (A9) 1
Solid viscosity Wy 1 (A10) 1
Conductivity of particulate fluctuating energy kg 1 (A1) 1
Bulk solid viscosity , 1 (A12) 1
Exchange of fluctuating energy between gas and particles b, 1 (A13) 1
Total 20 20
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