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During various applications of gas fluidized units, the state/quality of the fluidized
bed of solids can change due to changes in operation conditions or variations in the
gas or solid feed. An analysis method is developed and applied which employs spectra
of the fast Fourier transform of measured pressure fluctuations within the fluidized
bed. The procedure is based upon the spectral analysis of successive time series of
pressure fluctuations reflecting the actual hydrodynamic state (regime) of the bed.
Practical application of the method is illustrated for fluidization at ambient tempera-
ture and pressure of spherical particles (glass beads) as well as irregularly shaped
particles (limestone, sulfated limestone, and dried sewage sludge), in an 8-cm-ID fluid-
ized bed. Using air, experiments were conducted with different fractions of the materi-
als spanning a very wide range of 0.28-4.5 mm. The evolution was explored of bed
behavior from the onset of fluidization to the pneumatic transport (elutriation) of solids
from the bed. The method recognizes alterations of the hydrodynamic state of the
bed caused by minor changes in the bed mass and/or in the granularity of the bed
material. © 2008 American Institute of Chemical Engineers AIChE J, 54: 1761-1769, 2008
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behavior of the bed

Introduction

A fluidized bed is one of the types of reactors employed
in industry for carrying out gas—solid reactions and physical
operations such as drying and granulation.l’2 Its most impor-
tant advantages include intensive mixing of the solid par-
ticles, the very high bed-to-surface heat transfer, and the
fluid-like properties of the gas—solid mixture. Of course,
there are also some disadvantages of fluidized beds such as
the erosion of bed internals and the loss of very fine par-
ticles. Another problem is that because of our limited under-
standing of the complex hydrodynamics of gas—solid fluidiza-
tion, reliable control and scale-up of the fluidized bed contact
units is still difficult to accomplish.

The hydrodynamic behavior of a fluidized bed varies
widely, depending on the particle size distribution, particle

Correspondence concerning this article should be addressed to M. Hartman at

hartman@icpf.cas.cz.

© 2008 American Institute of Chemical Engineers

AIChE Journal

density and particle geometry, gas density and gas viscosity,
gas flow rate, and column geometry.> The flow regime or
contacting mode changes with increasing gas velocity from
incipient fluidization,® through bubbling and slugging (small
columns only) fluidization, turbulent, and fast fluidization to
pneumatic transport.”® General experience indicates that
transitions between the different fluidization modes are not
usually sharp. A slightly more detailed classification of the
fluidization regimes is presented in recent works of ours.**10
As can be expected, the fluidizing velocity at which major
modifications in bed hydrodynamics occur are also affected
by pressure and temperature.’ 1-14

An intricate, heterogeneous two-phase structure with com-
plicated dynamic changes is the basic characteristic of gas—
solid fluidization. Most phenomena occurring in the gas—solid
beds can be attributed to the nonlinear interaction between
the particles and the gas, which are two very different media
with their own individual movement tendencies.'” ™" It is dif-
ficult to describe the entangled paths of the two phases. An
understanding of the interaction and coupling among random
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bubble and solid cluster motion, bed oscillations and propa-
gating pressure waves in the fluidized bed may lead to a
plausible explanation of complex flow pattern. It is generally
accepted that all these phenomena are possible sources of the
pressure fluctuations in fluidized gas—solid suspensions.'®

Pressure fluctuations can also be employed to characterize
the quality of fluidization or the performance of a fluidized
bed."”>* For example, low amplitudes and higher frequen-
cies of the pressure fluctuations tend to manifest the occur-
rence of small gas pockets (bubbles) or small particle clusters
that can lead to intensive heat and mass transfer in the bed.

In this study, the pressure fluctuations were measured
under ambient conditions within powder systems comprising
diverse particulate materials such as spherical glass beads
(ballotini), irregularly shaped limestone and sulfated lime-
stone (calcium sulfate), and fibrous dried sewage sludge.
Spectral analysis was employed for the evaluation of the
time series of the measured pressure and for monitoring dif-
ferent states of the system, varying from incipient fluidization
to considerable entrainment and elutriation. The primary aim
of this work was to show that it is also feasible to observe
small changes in the size and mass of particles present in the
system by means of pressure fluctuations.

Fluctuation Model of a Fluidized Bed

The original model developed in a work of ours* has been
further extended and modified. It is based upon processing
successive time series of the fluctuating pressure signal by
means of the fast (discrete) Fourier transform (FFT).

In a period of time of 64 s, a series of pressure data points
(P;) is measured within the bed with a frequency of 512 Hz.
Along the measured sequence of P-values as long as 64 s, a
time, 4-s long, window is gradually moved with a one-sec-
ond step. In this way, the original 2048 samples belonging to
the time interval 4 s is reduced by successive averaging to
512 samples. The FFT algorithm is applied to the data series
of each window. We get 256 values ¢; (complex numbers),
representing values of the spectral lines from the region of
frequencies f; € [fmin» fmaxl, Where fiin = 0.25 Hz and fi.x
= 64 Hz. The complex spectrum is converted to the ampli-
tude spectrum (@; = lIc;l). Then the lines in the amplitude
spectrum are assorted in the degressive order for frequencies
between fn,i;, = 0.25 Hz and f,.,x = 64 Hz. In addition to the
gas superficial velocity, U, two quantities (denoted as M and
E) deduced from the assorted amplitude spectrum, were cho-
sen to describe the actual state of the fluidized bed:

(1) The divide ratio of the amplitude spectrum, M, defined as

v
M=1-:— 1)
fmax
where the median of the assorted spectrium, fy, is given by
m=fim ()
in which iM complies with
iM 256
da= > a ®
i=1 i=iM+1

1762 DOI 10.1002/aic

Published on behalf of the AIChE

Our systematic visual observations and digital camera
studies indicate that the fluctuation quantity M is capable of
reliable identification of different regimes of the bubbling
fluidized beds. The values of M increase from 0.66 to 0.71
for static (fixed) beds with sporadic, small bubbles to 0.96 to
0.99 for large exploding bubbles and/or slugging.

(2) The quantity E is introduced as the square root of the
spectral power of the pressure fluctuations in the chosen
frequency band, or

E=wW!'"? 4)
where
4 256
W=D )

The quantity £ can be seen as a measure of the energy
dissipated in the bed.

The quantity M, occurring in the interval M € < 0.66, 1 >,
can be viewed as a degree of the dominancy of the spec-
trum.* If a measured signal represents a random fluctuating
signal, then M = 0.66. For signals with a single dominant
frequency, it holds that M — 1. The values of M(U) and
E(U) corresponding to a given superficial gas velocity, U,
are computed by averaging the values of M and E of for
each 4-s window of the 64-s sequence of data.

The employed model assumes that the actual state of the
pressure fluctuations within the fluidized bed can be
described by means of three quantities (attractors) M(U),
E(U), and the superficial gas velocity, U. This triad defines
the position of a “fluctuation” or an “operation” point p =
[M(U), E(U), U] in the tridimensional space F = M X E X U
corresponding to the actual hydrodynamic state of the bed
at a given gas velocity, U. When U is systematically varied
(U € [0, Upaxl), the operation (fluctuation) point moves in
space F along curve p = p(U) called the fluctuation (oper-
ation) characteristics of an explored fluidized bed. Projec-
ting this curve to planes £ X M and E X U, we get graphs
of the fluctuation characteristics comprising measured data
points p(U;) for i = 1,2,..n.x,. The course of the fluctua-
tion characteristics is invariant in time provided that the
amount and the quality of the fluidized material remain the
same.

Our experience indicates that significant changes in the
particulate bed material manifest themselves in relevant
changes of the course of the fluidization characteristics. In
other words, measured changes in the course of the fluctua-
tion characteristics can warn us about desired or unwanted
changes of the bed behavior.

There is ample experimental evidence that the fluidiza-
tion characteristics (curves) for respective different g-s sys-
tems are similar in their mathematical sense. Two charac-
teristics can be transformed, one curve into the other by
various transformations of the coordinates U, E, and M.
The simplest transformation is the linear one. Our work
shows that the linear transformation is capable of describ-
ing a number of important and frequent changes of the flu-
idized beds.

Two different fluctuation characteristics can be compared
by a simple linear transformation of one curve into the other.
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This can be accomplished by transforming coordinates U, E,
and M in the sense of a least-square fit:

U=p-(U-A) ©)
E:Eo—i-oc-(E—Eo), (@)

and
M=M ®)

where E, corresponds to the random fluctuating signal of the
background, « and f§ are dilatations of the coordinates of
axes E and U, respectively, and A is a shift of the origin of
axes of the characteristic curve in the direction of axis U.

Experimental
Apparatus

The experiments were performed in a cylindrical glass col-
umn of 8§ cm ID (d) and a length of 500 cm. The column
was equipped with an interchangeable, perforated plate dis-
tributor of a free area of 2-12% and orifice diameter of
0.8 mm. All care was taken to ensure uniform gas (air) dis-
tribution. The air passed through an oil filter, dryer, and ori-
fice meter or rotameter before it entered the bottom of the
column (plenum). The entrained particles were separated in a
low-pressure-drop cyclone and, if desired, returned to the
column through a fluidized-bed siphon. The superficial veloc-
ity of air, U, could be increased up to 4 m s~ !. The measure-
ments were carried out at a temperature of 20°C = 0.5°C
and ambient pressure. The height of the fixed (poured) bed
varied from 11 to 18 cm.

The pressure within the bed was sampled by a four-mm-
ID stainless-steel probe’*2® located in the bed center at 5
cm above the gas distributor. The outside opening of the
probe was connected to a piezoelectric pressure transducer
that produced an output voltage proportional to the pressure
signal. The output signal, measured relative to the average
pressure, was amplified, converted to digital form, and fur-
ther processed on-line by a personal computer.

Further details on the apparatus, experimental procedure,
and fluctuating pressure signal processing by means of fast
(discrete) Fourier transform?’ can be found elsewhere.**-10

Materials used

The present work was conducted with different solids such
as ballotini (glass beads), limestone, sulfated limestone (cal-
cium sulfate), and dried sewage sludge. The particulate mate-
rials employed belong to Groups B and D powders of the
Geldart classification.”® The basic physical properties of the
materials used are presented in Tables 1 and 2. It may be of
interest to note that the glass beads were near-perfect
spheres, the particles of limestone were sharp-edged and of
an irregular shape, and the particles of dried sewage sludge
were of an irregular shape and fibrous nature. For an over-
view and characteristics of different operation regimes of flu-
idized beds such as incipient fluidization, bubbling fluidiza-
tion, turbulent fluidization and entrainment (fast) fluidization,
the reader is referred, for example, to works of ours.*?
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Table 1. Tested Solids

Particle Size* Mean Particle

Material d, (mm) Size d, (mm)
Ballotini 0.25-0.315 0.28
Ballotini 0.50-0.65 0.57
Ballotini 0.65-0.90 0.77
Ballotini 0.80-1.00 0.90
Ballotini 1.20-1.40 1.30
Dried sewage sludge 0.50-0.80 0.65
Dried sewage sludge 1.0-1.6 1.30
Dried sewage sludge 2.0-2.8 2.40
Dried sewage sludge 4.0-5.0 4.50
Limestone 0.50-0.65 0.57
Sulfated limestone 0.10-0.65 0.37

(calcium sulfate)
Sulfated limestone 0.50-0.65 0.57

(calcium sulfate)

*Determined by sieving.

Results and Discussion
Influence of the amount of material in the bed

Changes in the amount of material contained in the fluid-
ized bed frequently occur in practice. Such amounts can be
expressed as the volume of a fixed (poured, loosely packed)
bed or its mass.

Using a very narrow fraction of irregularly shaped lime-
stone particles (0.50-0.65 mm), the fluctuation characteristics
were determined for three different masses of the bed: 725,
978, and 1,237 g. Other parameters of the explored beds of
these limestone solids are presented in Table 3. As men-
tioned there, the height of the fixed bed (4) varied from 11
to about 18 cm and the aspect ratio, //d, increased accord-
ingly from 1.35 to 2.31.

The determined fluctuation characteristics are represented
by curves 1-3, shown in Figure 1. As can be seen, the func-
tion E(U) is particularly sensitive to changes in the mass of
the bed. Since the same size fraction of limestone particles
was used in each run, all the curves start in the same point at
U = Uy Maxima on the curves £ = E(U) indicate the
occurrence of turbulent fluidization and considerable expan-
sion (thinning) of the bed. When U attains the value of U =
Upe, @ small but significant amount of solids tends to be
elutriated from the fluidization column.

In our effort to develop an empirical relationship which
would make it possible to transform/converse one curve,
E(U), into the other, for a different amount of the identical
particles, m, we tested a number of various formulae. On the
basis of the experiments with different materials (limestone,
glass beads, and dried sewage sludge) we attained the final
form of Eq. 9:

E\(U) — Ey <ml)2 ©

Ez(U) —EO - ny

for U € [Unf, Ume)-

To obtain the knowledge how good the transformation
relationship (9) is, a set of three curves 4 (the thin ones) and
4a (the solid one) are also presented in Figure 1. The thin
curves 4 represent the respective conversions (transforma-
tions) of experimental curves 1-3 for the chosen mass
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Table 2. Physical Properties of Particles

Particle Density,

Bulk Density of Loosely Minimum Fluidization

Material pp (kg m~3) Packed Bed (kg m~ %) Velocity*, Up,s (m )
Ballotini 2,510 1,580 0.10-0.84
Dried sewage sludge 990 520 0.32-1.39
Limestone 2,660 1,330 0.25
Sulfated limestone (calcium sulfate) 2,350 1,398 0.11-0.27

*Measured with air under ambient conditions: 21°C, 0.1 MPa.

m = 1395 g by means of Eq. 9. As documented by experi-
ment in Figure 1, Eq. 9 is capable of converting the experi-
mental curve Ei(U) measured with m; into the curve Ej(U)
for m; with good accuracy provided that no particles are elu-
triated from the vessel, i.e., for U < Uy,.. Analogous com-
parisons made with the other materials (glass beads and dried
sewage sludge) provided very similar results.

The exponent on (m;/m5,) in Eq. 9 was evaluated on the
basis of 50 experiments for different materials. The sample
variance (the “sample estimate of the population var-
iance”), s%, indicates that the 95 per cent confidence limits
on the exponent on (m;/m,) in Eq. 9, based upon the Stu-
dent/Gosselt/Fisher distribution, are *£0.0147 or 1.985 <
exponent on (m;/m,) < 2.015. The variance, %, amounts to
0.002804 and the absolute systematic error is —0.0032.
Thus it can be stated that Eq. 9 enables to estimate quite
reliably, for example, the mass of solids that was intro-
duced into or withdrawn or entrained from the bed in the
course of operation.

As can be seen in the upper part of Figure 1, the curves
M = M(E) exhibit flat maxima, M.y, in the range between
0.94 and 0.96. These values slightly increase linearly with
the increasing aspect ratio/height of the bed. It should be
noted that the quantity M is a measure of dominancy of the
amplitude spectrum.4 Its value suggests whether there are
pronounced dominant lines in the spectrum or not. For fluctu-
ations with a single dominant frequency (e.g., slugging), it
holds that M — 1. Greater values of M found with higher
beds correspond well with general experience. Practice
indicates that beds of higher aspect ratios, 4/d, have a more
pronounced tendency to slugging.

Changes in the bed mass of the same particles are com-
mon cases for the linear transformation of the characteristic
fluidization curves. Parameters o, 5, and A occurring in the
transformation formulae (6) and (7) can simply be expressed

as follows
o\ 2
oa= <71> ) ﬁ = 17
ny

Table 3. Different Amounts of Limestone Particles Explored
in the Experimental Bed

and A=0. (10)

Run 1 2 3
Mass of particles (g) 725 978 1237
Volume of fixed bed (cm®) 545 735 930
Height of fixed bed (cm) 10.8 14.6 18.5
Aspect ratio, h/d 1.35 1.82 2.31
1764 DOI 10.1002/aic Published on behalf of the AIChE

Influence of the particle size

The size of the particles contained in the fluidized bed is
one of the important quantities that determine the bed behav-
ior (e.g., the points of incipient fluidization and elutriation
and the onset of defluidization.)®® Our practical experience
indicates that the fluctuation characteristics change dramati-
cally when the agglomeration of wet/sticky particles occurs
in the bed.

Two widely different materials (glass beads/ballotini and
dried sewage sludge) were employed to explore the effect of
particle size on the fluctuation characteristics. While the first
solids are quite heavy and near perfect spheres, the latter of
the materials is light and porous with isometric particles of
irregular shapes.?’ Narrow fractions of the particles spanning
a wide range of 0.28-4.50 mm were used in experiments.
The height of the fixed (static) bed of the solids was kept
constant at a value of 10 cm in all the experimental runs.

1
M(E) Mmax
0.95

0.9

0.85

0.8

0.756

. -1
U,ms

——p

" elutriation

0 200 400 600 E,Pa

Figure 1. Effect of the mass of the bed, m, on its fluc-
tuation characteristics.

Material, limestone; mean particle size, 0.57 mm. Curve 1,
m = 725 g; curve 2, m = 978 g; curve 3, m = 1237 g. The
points, O, mark maxima, M., of the function M(E). The
set of three thin curves 4 depict the respective conversions
(transformations) of experimental curves 1-3 for the chosen
mass m = 1395 g by means of Eq. 9. The solid line 4a rep-
resents the average values of three predictions.
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Figure 2. Influence of the mean particle size, 6,,, on the
fluctuation characteristics of the bed with
glass beads (the height of the fixed [poured]
bed: 10 cm).

(a) Curve 1, d, = 0.28 mm; curve 2, d, = 0.57 mm; curve
3, d, = 0.77 mm; curve 4, d, = 0.90 mm; curve 5, d, =
1.30 mm; (b) fluctuation characteristics after the linear
transformations; all the curves (1-5) were linearly trans-
formed to curve 2, depicted by a darker line.

As can be seen in Figures 2 and 3 (section [a]), the size of
the solids affects markedly the course of the fluctuation
characteristics E(U) of both materials. It appears that the
influence of d, on E(U) is especially remarkable with the
relatively light particles of dried sewage sludge.

The characteristic functions E(U) of the beds with different
fractions of the same material can be mutually transformed
with the aid of linear relationships (6)—(8) including parame-
ters o, 5, and A. The results of such transformations are also
shown in Figures 2 (ballotini) and 3 (dried sewage sludge) in
section (b). As visual observations suggest, the fluctuation
characteristics E(U) are well transformable for the different
sized fractions of the given solids.

The determined values of parameters «, f§, and A for the
respective fractions of the two materials are presented in Ta-
ble 4. Parameter A is strongly dependent on the mean size of
particles in the bed and represents the minimum fluidization
velocity of the bed material in question. The point of mini-
mum fluidization, U, was also determined by the standard
procedure of measuring the dependence of the bed pressure
drop on the air flow with the air velocity gradually reduced
from a well-fluidized state to a fixed (packed, static) bed.’
The measured values of U, were in good agreement with
the corresponding values of parameter A presented in Table 4.
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Parameter f§ that represents the dilatation of axis U is also
significantly dependent upon the particle size. Parameter o,
representing the dilatation of axis £ does not change much
(from 0.95 to 1.14) with Jp. In other words, it means that the
maximum of the function E(U) for a given material is only
slightly dependent on the particle size of bed material.

The dependencies of the aforementioned parameters on the
particle size for the two explored materials are shown in Fig-
ures 4 and 5. To have a full picture, the dependence of the
maximum value of the function M(E), M.y, on d, is also
shown in Figures 4 and 5. As can be seen, this maximum
increases slightly with the increasing particle size. In other
words, the tendency of the fluidized bed to slug is more
pronounced with larger particles. This is in accord with the
general experience.

Elutriation from beds and their
[fluctuation characteristics

On increasing the gas velocity through the column, the
flow in the bed shifts from the bubbling regime to the turbu-
lent regime, a further increase in gas flow rate leads to fast
fluidization and transport. In practical applications it is

4

(a)
. m g
3 b
2 -
1 f
0
0 20 40 60
E, Pa
4
; (b)
Ums
3 L
2
1
0
1} 20 40 60
E, Pa

Figure 3. Influence of the mean particle size, &p, on the
fluctuation characteristics of the bed with
particles of dry sewage sludge (the height of
the fixed [poured] bed: 10 cm).

(a) Curve 1, d, = 0.65 mm; curve 2, d, = 1.3 mm; curve
3, d, = 2.4 mm; curve 4, d, = 4.5 mm; (b) fluctuation
characteristics after the linear transformations: all the curves

(1-4) were linearly transformed to curve 2, depicted by a
darker line.
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Table 4. Parameters of the Linear Transformations of the
Fluctuation Characteristics

Mean Particle Material: Ballotini*

Size (mm) A= Uy @ms™h o p
0.28 0.10 0.99 1.10
0.57 0.18 1.00 1.00
0.77 043 1.15 0.70
0.90 0.53 1.09 0.53
1.30 0.84 1.09 0.45

Mean Particle Material: Dried sewage

Size (mm) sludge™ A = Upy (ms™") o B
0.65 0.32 0.956 1.55
1.30 0.69 1.000 1.00
2.40 1.07 0.997 0.80
4.50 1.39 1.145 0.75

*Near spherical, nonporous particles. .
Irregularly shaped, porous, fibrous particles.?’

commonplace for solids to be blown from a fluidized bed
into the freeboard space above it. This phenomenon is known
as entrainment' and it becomes more severe as the superficial
gas velocity, U, increases. The solids thrown up into the free-

(@)

1.20

0.80

040 }

0.00

(b)

Mmax

098 [

0.96 |
094

092 [

0.9 L L
0 0.5 1

Fp, mm 1.5

Figure 4. Dependencies of parameters «, f, and A of
the linear transformations of the fluctuation
characteristics on the mean particle size of
the bed material (glass beads/ballotini).

(a) Parameters o, f, and A; (b) dependency of the maxi-
mum of the quantity M(U).
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0.80
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M max
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094

092 T

0.9 I 1 I I

0 1 2 3 4 5
dp, mm

Figure 5. Dependencies of parameters «, , and A of
the linear transformations of the fluctuation
characteristics on the mean particle size of
the bed material (dried sewage sludge).

(a) Parameters o, f, and A; (b) dependency of the maxi-
mum of the quantity M(U).

board space contain the whole spectrum of particle sizes
present in the bed. If “U” equals the terminal (free fall) ve-
locity”® of the smaller particles, these solids will be elutri-
ated,! i.e., carried out of the fluidization column (system)
completely, whereas the larger particles fall back to the bed
surface. In other words, the particles elutriated from the sys-
tem are only those of which the terminal (free fall) velocity,
U,, is less than the superficial gas velocity, U, in the vessel.
In essence, the phenomenon of elutriation affects the bed in
two different ways: It reduces the mass of the bed and simul-
taneously shifts the size distribution of the bed material
towards coarser particles.

The elutriation experiments, whose results are presented in
Figure 6, were performed as follows. A mass (760 g) of par-
ticles of calcium sulfate spanning a wider size range of 0.10-
0.65 mm was introduced into the column. The superficial
velocity of air was gradually increased from zero through the
onset of fluidization, U,y = 0.11 m s7! to the onset of
elutriation, Upe = 1.25 m s~ !, where dilute transport flow
(DTF) commenced/occurred. This procedure is represented
by curve 1 in Figure 6. Consequently, the mass of the bed
was reduced due to the elutriation of finer particles and the
quantity E(U) decreased, although U was kept constant. This

July 2008 Vol. 54, No. 7 AIChE Journal
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1.0

0 50 100 150
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Figure 6. Impact of particle elutriation from the fluid-
ized bed on its fluctuation characteristics.

Bed material, calcium sulfate; O, characteristic curve 1 for
the bed of initial mass of 760 g with 0.1-0.65 mm par-
ticles; the onset of fluidization, U,y = 0.11 m sfl; the
onset of elutriation, Uy, = 1.25 m s_l; @, characteristic
curve 2 for the bed reduced by the elutriation of smaller
particles; bed mass, 472 g; particle size, 0.50-0.65 mm; the
onset of fluidization, Uy = 0.27 m s ; the onset of elu-
triation, Upe = 2.06 m s '; DTF (dilute transport flow).

is shown by an arrow in Figure 6. In general, the elutriation
practically ceased after 8-10 min of fluidizing under given
conditions (U = const.). When the elutriation was completed,
the air flow rate was increased by a suitable increment and
the procedure was repeated. In dilute transport flow, the char-
acteristic curve E(U) has a stepwise character that depends
on the time schedule of incremental changes of the air flow
rate, U. When the value of U = 2.06 m s~ ' was attained,
the air velocity was not increased further. The mass of the
final (remaining) bed amounted to 472 g and contained a nar-
row fraction of larger particles (0.50-0.65 mm) whose U.,¢
was as large as 0.27 m s~ .

The fluctuation characteristics of the aforementioned, new
bed (m = 472 g, Jp = 0.50-0.65 mm) was also determined
for Ue (Up = 027 ms 1, Upe = 2.06 m sfl). It is repre-
sented by curve 2, also shown in Figure 6. As can be seen,
curve 1 and curve 2 share one common point at U = 2.06 m
s~ ! but their courses are markedly different. While curve 2
is not affected by elutriation, curve 1 includes the influence
of elutriation for U € (1.25, 2.06 m s~ 1.

Utilizing differences in the courses of the two fluctuation
curves in Figure 6, we can determine the amount of the bed
material (smaller particles) that left the fluidization column.
Furthermore, we are also able to estimate quite reliably the
onset of fluidization of the new (remaining) bed and
the mean particle size of the material in this bed. Each of the
two curves can be transformed linearly into the other curve.
The procedure of transformation is visualized in Figure 7
and consists of the following steps:

Step 1: A shift of curve 2 along coordinate U to reach a
coincidence of the outsets of fluidization of the two charac-
teristics. The length of this shift is given as

A= U:;:lfrvez __gcurvel (1 1)

mf

Step 2: A linear dilatation of curve 2 in the direction of
axis U. The coefficient of dilatation f§ is determined so that
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the two curves could attain the maximum E(U) at approxi-
mately the same value of U. An overall transformation of
coordinate U, composed of the two partial ones, can be writ-
ten in the form

U=A+B-(U=-A) (12)
Step 3: A linear dilatation of the coordinate is given as
EIEo—‘y-O(-(E—Eo) (13)

where o is found so that maxima of the functions E**™° (1)
and E*™® %(U) are as close as possible. E, represents a posi-
tion of the ever-present background of quantity E.

We are aiming at a linear transformation of the coordi-
nates so that the resulting function E(U) can approximate as
closely as possible (in the sense of a minimum sum of the
squares of the deviations) a corresponding section of the
original curve E(U). In this way, an optimization process is
defined for fitting the three parameters, o, f, and A to the
measured data. For the aforementioned characteristics, opti-
mized values of the respective parameters were found as
large as o = 2.49, f = 0.67, and A = 0.16 m s~ '.

Via physical interpretation of these parameters, we get the
properties of the new (remaining) bed after elutriation as fol-
lows:

(1) On inserting o = 2.49 into Eq. 10, we can estimate
the mass of the bed remaining in the vessel after elutriation:

1 8108
= =5138g (14

curve2 __ — _
005  2.4905

m meurve 1,

This predicted value compares quite well with the mass of
the new bed determined by weighing (503.3 g).

25

2.0

U,ms

Figure 7. Procedure for transforming characteristic
curve 2 (the bed reduced by elutriation, m =
472 g) to a curve comparable with original
curve 1 (the initial bed, m = 760 g).

Bed material, calcium sulfate; O, curve 1, characteristic
curve for the original (initial) bed (m = 760 g, d, = 0.1-
0.65 mm) after a shift along the U-axis by AU = —0.11 m
sfl; then the onset of fluidization is zero in this drawing;
®; curve 2, the characteristic curve of the bed reduced by
elutriation (m = 472 g) d, = 0.5-0.65 mm; the curve is
shifted along the U-axis by AU = —0.11 m s~ '; then the
onset of fluidization is 0.16 m s~ ' in this drawing. Proce-
dure for linear transformation: M, curve 2 shifted along the
U-axis by its onset of fluidization, A = 0.16 m s7L A, dila-
tation of coordinate U by parameter § = 0.67; [J, dilatation
of coordinate £ by multiplying o = 2.49.

DOI 10.1002/aic 1767



(2) Parameter A makes it possible to determine the onset
of fluidization of the new bed after elutriation

Unt = Unt +A=0.11+0.16=027ms' (15

This point of minimum fluidization is in very good agree-
ment with that determined by independent experiment.

(3) From the fact that the transformed curve E(U) approx-
imates the original characteristic curve 1 in Figure 7 very
well, it can be stated that all the onsets of operation regimes
and subregimes4 of fluidized beds have these functions iden-
tically. On combining Egs. 11 and 12 we can develop Eq. 16
to approximately predict the aforementioned onsets of differ-
ent regimes and subregimes (e.g., onsets of turbulence and
elutriation) of a resulting bed from the values of these onsets
determined for the original (initial) bed:

Ucurvel __greurvel
UcurveZ __ “onset mf

onset ﬁ

Having inserted the values Ugy™ ' = 0.11 m s~ ', Ugre ! =
125ms ™!, and f = 0.67 into Eq. 16, we get UiV 2 = 1.81
m s~ ' for the onset of elutriation of the new bed. This predic-
tion is in fair agreement with the experiment (2.06 m s~ ).

+Unpe! (16)

Postlude

We wish to emphasize that the proposed method is based
on a large volume of carefully performed experimental work
with a bench-scale fluidization column and with various par-
ticulate materials. Of course the transformation parameters,
presented here for Group B and D particles of the Geldart
classification, have the usual limitations. They should be
applied with caution outside the experimental conditions
from which they were educed. The method is being
employed with success to determine and monitor the state of
a high-temperature bed in our 0.3 m X 0.3 m X 4.5 m fluid-
ized combustor.

Conclusions

It has been demonstrated that the fluctuation characteristics
of different fluidized beds E(U) deduced from experimental
measurements can be linearly transformed into each other
with the aid of three parameters («, f5, and A). Having had
these parameters, we can quite easily and reliably predict, for
example, the differences in the mass, the onset of fluidiza-
tion, and the onset of elutriation of particles from the bed.
These findings serve as a physically solid basis for the instru-
mental identification and control of the state of a fluidized
bed. With respect to its technical simplicity, this technique is
particularly promising for high-temperature fluidized bed
processes.
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Notation

a; = amplitude pertaining to i-line of spectrum
¢; = complex value pertaining to i-line of spectrum
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d = diameter of bed (cm)
d, = particle size (determined by sieving) (mm, m)
d, = mean particle size (mm, m)
DTF = dilute transport flow
E(U) = characteristic quantity of pressure fluctuations defined by Eq. 4
(Pa)
E = transformed quantity E defined by Eq. 7
Ey = quantity E corresponding to the random fluctuating signal of the
background (Pa)
f; = frequency pertaining to i-line of amplitude spectrum (Hz)
fm = median of assorted spectrum (Hz)
Jfmax = maximum frequence of discrete Fourier spectrum (Hz)
fmin = minimum frequency of discrete Fourier spectrum (Hz)
F = tridimensional space E X M X U
FFT = fast (discrete) Fourier transform
h = height of static bed (cm)
i = index of line in amplitude spectrum
m = mass of bed (g, kg)
M(U) = characteristic quantity of pressure fluctuations defined by Eq. 1
p = fluctuation state vector [E(U), M(U), U]
P = pressure (Pa)
U = superficial gas velocity (m s ')
U = transformed superficial gas velocity defined by Eq. 6
Upmax = maximum superficial gas velocity (m s~ ')
Unme = onset of elutriation (determined by visual observations) (m sTh
U,.s = onset of fluidization (m s~ ')
U, = terminal (free fall) velocity (m s~ ")
W = spectral power of fluctuations (Pa?)

Greek letters

o = dilatation of coordinates of the axis U

p = dilatation of coordinates of the axis £

A = shift of the origin of axes of the characteristic curve in the
direction of axis U

p = bulk density of loosely packed (poured) bed of particles (kg

—3
m )
pp = particle (apparent, mercury) density (kg m~?)
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