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Abstract⎯An experimental study is performed of a circulating f luidized bed of two types of finely dispersed
Geldart A particles with different bulk densities. The first type of particles have bulk density ρb = 1200 kg/m3,
while the bulk density of the second type of particles is ρb = 1300 kg/m3. The studies are performed on a test
bench 0.7 m in diameter and 5.75 m tall at room temperature with air used as the f luidizing gas. The velocity
of f luidization ranges from 0.1 to 0.75 m/s. The bed is sectioned along its height with a set of horizontal dif-
fuser grids. The results from measuring the f luctuations, the average drops in pressure, and the pressure dis-
tribution along the height of the f luidized bed are used to estimate the effect produced by the density of par-
ticles on its operational regimes. Velocity of transition Uc, determined from the mean-square deviations of
pressure drop fluctuations, is 0.40 m/s for lighter particles and 0.35 m/s for heavier particles. Velocity of tran-
sition Uc determined from the power of the energy spectrum of pressure f luctuations Е is 0.45 and 0.40 m/s
for lighter and heavier particles, respectively. The results from pressure measurements along the bed height show a
linear drop with increasing bed height, and this drop is faster for heavier particles than for lighter particles.

Keywords: f luidized bed, microspherical catalyst, turbulent regime, bed sectioning with horizontal grids,
mean-square deviation of pressure drop fluctuations, particle bed density effect
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INTRODUCTION
Catalytic processes in a circulating turbulent f luid-

ized bed hold an important place in oil refining and
petrochemical industries. This is exemplified by cata-
lytic cracking, the synthesis of maleic anhydride, the
dehydrogenation of С3–С5 paraffins, and so on [1–3].

These practical applications of a f luidized bed use
finely dispersed catalyst particles that belong to class A
of the standard Geldart classification [4]. This class is
composed of particles with average diameter d0 in the range
of 40 < d0 < 500 μm and a specific density of the material of
particles within a range of 1400 < ρ0 < 4000 kg/m3. For
spherical particles forming a fixed bed with a void frac-
tion ε0 = 0.35, this corresponds to the bulk density
range of 910 < ρb < 2600 kg/m3.

The development of promising new types of cata-
lysts for such processes and their industrial operation
can create certain problems at existing plants. For
example, the use of a new catalyst with a different spe-
cific density can change the pressure distribution and
lead to the redistribution of a catalyst along the height
of a reactor, even though the particle are characterized

by the same patterns of their behavior during their gas
fluidization, according to the classification within
each class. To predict the changes in the technological
regimes of industrial plants, we must have knowledge
about the behavior of such systems upon a change in
the physical parameters of a catalyst. This can be espe-
cially important when replacing a catalyst in reactors
with internal devices designed for the distribution of
particles along the height of a f luidized bed (e.g., in
reactors sectioned with sets of diffuser grids along their
height).

The main way of studying f luidized-bed systems is
currently to perform experiments on test benches sim-
ulating certain characteristics of a real reactor.

Measurements and analysis of pressure f luctua-
tions [5–13] and studies of the optical transmittance of
local bed areas [14–16], which have gained wide
acceptance due to the development of fiberoptic
devices, are the main experimental means for studying
a f luidized gas–solid bed. Capacitance sensors [8, 17]
and the use of tracers [14] (e.g., radioisotope particles
[18]) are more rarely applied. The use of pressure sen-
sors for studying a f luidized bed was analyzed in [19].
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The considerable number of works with experi-
mental data on the use of pressure sensors for the diag-
nostics of a f luidized bed and the relative simplicity of
measurements led us to choose this approach for this
work.

It should be noted that the results from studies in
all of the above works, and in the majority of literature
sources, were obtained for a f luidized bed free of inter-
nal sectioning, distributing, heat-transfer, and other
devices. Some general trends in the use of sectioning in
a f luidized bed were described in [20]. Studies of lou-
vered baffles were performed in [21, 22]. The use of
X-rays to study a bubble regime with a single horizon-
tal baffle simulating heat-transfer tubes was described
in [23]. A gas tracer was used in [24] to study the mix-
ing of a gas and solid particles in a model of a desorber
with several rows of angular baffles. It was shown that
both the design of baffles and the velocity of solid par-
ticle circulation affect the efficiency of desorption.
Gas dispersion was found to be radially nonuniform;
the maximum gas dispersion coefficient in the center
was almost three times higher than near the desorber’s
wall.

The aim of this work was to study and compare the
hydrodynamic characteristics of a circulating f luidized
bed for catalyst particles of two types: ones that belong
to the same Geldart class [4] but have different specific
densities. The studies were performed on a large-scale
test bench simulating the conditions in an industrial
reactor with the use of air at room temperature as a
fluidizing gas. Even though replacing such catalysts
will not produce any qualitative changes in the opera-
tion of a f luidized-bed reactor, since they belong to the
same class of bulk materials, this could lead to some
quantitative changes in the hydrodynamic parameters.
Estimates of the difference between the hydrodynamic
regimes of different types of catalysts could therefore
be useful for predicting the optimum technological
regimes and controlling the f low for the operation of a
process line.

EXPERIMENTAL
Hydrodynamic Test Bench

The scheme of the hydrodynamic test bench with a
circulating f luidized bed is shown in Fig. 1. The main
unit of this test bench is vertical cylindrical column 1
with a diameter of 0.7 m. The working section of this
column is 5.75 m in height, and its total height is 7.15 m.

The catalyst bed is located in the working section of
column 1 on non-sifting bubble-cap grid 2. Flow inlet
3 into the column is located under grid 2 and equipped
with a diffuser, which ensures a uniform flow distribu-
tion over the column’s cross section at the inlet into
the bed, together with bubble-cap grid 2. The f low
outlet from the column is designed in the form of three
tubes 4 with diameters of 0.12 m, located in the hori-
zontal plane at an angle of 90°. The two-stage purifi-
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cation system consists of three cyclones 5 and fine
purification filters 6, which can be shut off with draw-
ers 7. The hydraulic resistance of the filters is compen-
sated for by fan 8 with f low rate controller 9.

Catalyst circulation is ensured by three overflow
tubes 10 of 0.05 m in diameter with expansion cham-
bers 11 connecting cyclones 5 with column 1. Cham-
bers 11 are supplied with compressed air for the f luid-
ization of the catalyst in the overflow tubes.

The air f low rate in column 1 is adjusted with
reductor 12, controlled with compressed air through
secondary circuit 14. The air f low rate is measured
with measuring aperture 13. Before being supplied
into the column, air is moistened in vessel 15, whose
working section has a diameter of 0.4 m, to the relative
humidity of 50–70%. To intensify mass transfer, the
vessel is filled with packings of ceramic Raschig rings
of 0.025 × 0.025 × 0.003 m in size with a capacity of
0.1 m3. Water is supplied to vessel 15 through valve 16
and distributed over the cross section with the diffuser
device. A dehumidifier in the form of a package of
pressed stainless steel chips is located under the
packed bed. Water is periodically drawn out of the ves-
sel through valve 17. The relative air humidity is mon-
itored with psychrometer 18. The air f low rate in the
column is additionally controlled with drawer 19.

The pressure in the near-wall column area is mea-
sured through fittings 20 with a diameter of 5 × 10−3 m
arranged on the column wall at a distance of 0.1 m
from each other along the height. The fittings are
equipped with porous filters to screen out micro-
spherical particles of the studied catalyst. The filters
are manufactured from TZMK-10 thermal protec-
tion material (quartz fibers). The selection of this
material for the filters was dictated by its low hydro-
dynamic resistance ζ satisfying the condition

 [17], in addition to its filtration

properties.

Sectioning of a Fluidized Bed 
with Horizontal Diffuser Grids

Studies were performed for a f luidized bed sec-
tioned with four horizontally installed diffuser grids
along its height. Their structure is illustrated in Fig. 2.
Grid layers were manufactured from steel angles of
0.05 × 0.004 m in size and arranged at distances of
0.4 m from one another along the height. The dis-
tance between the angles (the gap in the horizontal
plane) is 0.032 m for the two upper layers (area A in
Fig. 2) and 0.027 m for the two lower layers (area B).
The dimensions of an angle as a major diffuser grid
element, the arrangement of angles with respect to
each other, and the distance between the layers of
angles model the diffuser grid of an industrial reactor
at a scale of 1 : 1.
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Fig. 1. Hydrodynamic test bench with a circulating f luidized bed.
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The assembled grid was installed inside the column
onto bubble-cap grid 2 (see Fig. 1).

Pressure Drop Measurement Points

Pressure drop measurement points on the column
wall are shown in Fig. 3. The bed area between the
measurement points incorporates the second lower
diffuser grid and the free space over the first (lower-
most) diffuser grid. The distances of 0.55 and 0.92 m
to the pressure measurement points are counted from
the bubble-cap grid on which the bed is located with-
out f luidization. The height of the quiescent bed was
Н0 = 1.25 m.
CATALYSIS IN INDUSTRY  Vol. 10  No. 2  2018
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Fig. 2. Four-layer diffuser grid.
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Studied Types of Catalyst Particles

Two types of microspherical catalyst particles with
different specific densities were studied in this work.
The selected characteristics of particles are given in
Table 1.

These particles belong to class A of the Geldart
classification [4], and the principal distinction
between these two catalyst types with regard to the
hydrodynamics of the formation and functioning of a
fluidized bed in an industrial reactor is associated with
their bulk density.
CATALYSIS IN INDUSTRY  Vol. 10  No. 2  2018

Table 1. Selected characteristics of finely dispersed particles

Name

Bulk density ρb, kg/m3

Average diameter of particles d0, m

Particles with d0 < 7.0 × 10−5 m, wt %

Particles with 7.0 × 10−5 < d0 < 1.4 × 10−4 m, wt %

Particles with d0 > 1.4 × 10−4 m, wt %
Measurement and Data Processing

Column pressure was measured with a device based
on a Motorola MPX5010DP differential pressure sen-
sor and equipped with a primary noise suppression
system. It provided an outlet signal of up to Umax = 0.5 V
upon a change in the medium’s pressure drop within
ΔР = 0–10.0 kPa. The analog signal from this device
was received by a NI9215 high-speed analog-to-digital
converter with a NIUSB-9162 USB interface and con-
nected to a personal computer.

The differential pressure sensor was calibrated using
a TSI-1125 aerodynamic calibrator, a Testo526-2 digi-
Type 1 Type 2

1200 1300

1.0 × 10−4 1.0 × 10−4

35 31

42 59

23 10
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Fig. 3. Arrangement of points, at which the pressure drop ΔР was measured (the area comprises the second lower layer of the dif-
fuser grid and the free space over the first (lowermost) diffuser grid).

Initial catalyst level
H0 = 1.25 m

0.92 m

0.55 m

ΔP
tal pressure meter with an error of ±0.05%, and a
ММН250 micro pressure gauge with an error of
±2.45 Pa. At low differential pressures ΔР (0 < ΔР ≤
35 Pa), the relative measurement error ranged from
+2.8 to –5.5%. The relative measurement error in
the remaining differential pressure range ΔР > 35 Pa
was within ±0.8%.
The pressure drops in the fluidized bed were measured
on the hydrodynamic test bench at different air velocities.
The time τ0 of each measurement was 25 s at step Δτ =
0.005 s. The array of data for each pressure drop measure-
ment was then processed to determine the average values
and mean-square deviations (MSDs). The frequency spec-
trum was found via fast Fourier transformation (FFT).
CATALYSIS IN INDUSTRY  Vol. 10  No. 2  2018
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Fig. 4. (a) Pressure f luctuation ΔР(τ) in the f luidized bed,
(b) frequency ai = F(f) after Fourier transformation, and
(c) self-correlation function S1(τ) for the pressure f luctua-
tion ΔР(τ).
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A typical differential pressure diagram is shown in
Fig. 4a, and the frequency spectrum of this signal is
illustrated in Fig. 4b. The self-correlation function was
calculated for each measurement to determine the
random character of the recorded signal. The self-cor-
relation function of the signal shown Fig. 4a is plotted
in Fig. 4c.

The frequency spectrum was analyzed as in [11,
12]. For each spectrum, the power of the energy spec-
trum of each signal Е was calculated as [11]

(1)
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where τ0 = 25 s is the signal measurement time, NFFT
is the number of frequency range points for Fourier
transformation (in this case, NFFT = 4096),  is the
signal spectrum amplitude for the ith value of fre-
quency f. In our case, Е was determined within fre-
quency range Δf = 0–fmax = 100 Hz.

The relative error in estimating power Е was the
error of pressure drop measurements and their analog-
to-digital (ATD) conversion. As shown above, the rel-
ative pressure measurement error was within ±0.8%.
The total relative ATD error was within ±0.05%, due
to the finite number of digits and the nonlinear char-
acter of the ATD conversion function [25].

In addition, amplitude spectrum coefficient М was
calculated as

(2)

where fmax is the maximum frequency (Δf = 0–fmax is
the range of frequencies in which a signal is analyzed),
and fm is the frequency corresponding to the half-sum
of signal amplitudes in selected range of frequencies
Δf. In this work, the amplitude spectrum coefficient М
was determined at two values of frequency window Δf:
30 Hz [12] and 100 Hz. The error in estimating coeffi-
cient М was due to the Fourier transformation fre-
quency step, which in our case was δ = 0.024 Hz. The
error for frequency range Δ f = 30 Hz was less than
ΔM = δ/fmax = 0.08%.

RESULTS AND DISCUSSION

The results from calculating the mean-square devi-
ation of pressure drop fluctuations ΔР at different bed
fluidization velocities are shown in Fig. 5. Curve 1
corresponds to the interpolating function (the second-
order polynomial that gives the best approximation
reliability) for the lighter catalyst of type 1 with ρb =
1200 kg/m3. Curve 2 corresponds to the catalyst of
type 2 with ρb = 1300 kg/m3.

The mean-square deviation of f luctuations for the
heavier catalyst (type 2) is nearly 1.5 higher than for
the particles of type 1 throughout the studied range of
fluidization velocities Wo.

The dependences of the mean-square deviation on
fluidization velocity Wo have an extremum with a
maximum MDS corresponding to transition velocity
Uc [11, 12]. Transition velocity Uc is an important char-
acteristic of a f luidized bed and determines its transi-
tion to a turbulent regime when a substantial fraction
of particles are lifted over the bed, i.e., the entrain-
ment of catalyst particles from the bed begins [11].
Transition velocities Uc estimated from the mean-
square deviation of pressure drop ΔР are close for both
types of particles and lie within the range 0.35 ≤ Uc ≤
0.40 m/s.

ia

= −
max

1 ,mfM
f
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Fig. 5. Mean-square deviation of pressure drop fluctua-
tions ΔР versus f luidization velocity Wo for both catalysts:
particles of type (1) 1 and (2) 2.
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Fig. 6. Power Е of the energy spectrum of pressure drop
fluctuations ΔР versus f luidization velocity Wo for the par-
ticles of type (1) 1 and (2) 2.
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Fig. 7. Coefficeint М of the amplitude spectrum of pres-
sure drop fluctuations ΔР versus f luidization velocity Wo
within the frequency window Δf of (A) 100 and (B) 30 Hz
for the particles of type (1) 1 and (2) 2.
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The dependence of energy spectrum power Е on
fluidization velocity Wo for pressure drop fluctuations
ΔР is plotted in Fig. 6. As in Fig. 5, curve 1 corre-
sponds to the interpolation function for the lighter cat-
alyst of type 1 with ρb = 1200 kg/m3, and curve 2 cor-
responds to the catalyst of type 2 with ρb = 1300 kg/m3.

The presented data on the power Е of the spectrum
of pressure drop fluctuations confirm the results
obtained for the mean-square deviation of the ampli-
tude of pressure drop fluctuations ΔР. The f luctuation
spectrum power for the heavier particles of type 2 is
nearly 1.44 times higher than for the lighter particles of
type 1. The dependence of Е on the f luidization veloc-
ity Wo has an extremum corresponding to the transi-
tion velocity Uc. The transition velocity determined
from the plot for the f luctuation spectrum power is
slightly higher than its value found from the plot of the
mean-square deviation of pressure drop fluctuations
and equal to 0.45 m/s for the particles of type 1 and
0.40 m/s for the particles of type 2.

The results from calculating of the amplitude spec-
trum coefficient М for the frequency ranges Δf of 100
and 30 Hz are shown in Fig. 7.

In contrast to the results for the mean-square devi-
ation and the energy spectrum power Е, the depen-
dence of the amplitude spectrum coefficient М on the
fluidization velocity is fitted best of all by a liner func-
tion. The absence of extremum points on the curve
М = F(Wo) does not allow us to determine the transi-
tion velocity Uc from the amplitude spectrum coeffi-
cient М; this distinguishing the obtained results from
the known literature data. This could be due to the
data shown in Fig. 7 being obtained for a f luidized bed
structured along its height by diffuser devices, while
most of the literature data were measured for a bed free
of internal packings.

Coefficient М ranges within 0.9 < M < 0.95 and
0.73 < M < 0.83 for the processing of results within a
frequency range Δf = 100 and 30 Hz, respectively. The
value of М characterizes both the degree of spectrum
dominance (i.e., the number of intense spectrum fre-
quencies, and their arrangement with respect to the
lower frequency window boundary fmin; in our case,
fmin = 0). М ≅ 0.6 corresponds to a uniform frequency
intensity distribution over the entire spectrum within
frequency range Δf, while М → 1.0 corresponds to the
spectrum with a single frequency, which is equal or
close to fmin.

Coefficient М1 for the lighter particles of type 1 is
higher than М2 for the heavier particles of type 2, i.e.,
М1 > M2 by 2–4% throughout the studied range of f lu-
idization velocity Wo. This indicates the intensity of
the frequency spectrum of turbulent f luctuations in
the pressure drop for the particles of type 1 shifted by
2–4% toward lower frequencies, compared the parti-
cles of type 2.
CATALYSIS IN INDUSTRY  Vol. 10  No. 2  2018
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Fig. 8. Pressure distribution along the catalyst bed height at
different f luidization velocities Wo for (a) the particles of
type 1 with ρb = 1200 kg/m3 and (b) the particles of type 2
with ρb = 1300 kg/m3.
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The distribution of pressure Р along column height
h for different f luidization velocities Wo is shown in
Fig. 8. The dependence of the pressure on the column
height can be fitted using a linear function with an
approximation reliability R of 0.990 ≤ R2 ≤ 0.999.

Slope  of curves  (i.e., the

degree of reduction in pressure along the f luidized bed
height) is nearly the same for every type of the studied
particles. K1 = −7544.0 Pa/m with mean-square devi-
ation MSD(K1)/K1 = 6.73% for the particles of type 1,
while K2 = −11140.8 Pa/m with a mean-square devia-
tion MSD (K2)/K2 = 0.55% for the particles of type 2.

Constant Р0 = Р(h = 0) depends on fluidization
velocity Wo. From our results, it also follows that pres-
sure Р0 at the bottom of the f luidized bed of the heavier
particles of type 2 is nearly 24% higher than for the bed

dPK =
dh

( ) 0P h Kh P= +
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of the lighter particles of type 1 (Р02 > Р01) at equal f lu-
idization velocities Wo. The change in pressure Р0
upon a change in the density of particles ρ can be esti-
mated using the empirical relation

(3)

where n = 2.7.
It should also be noted that the drop in pressure

along the height of the bed formed of the heavier par-
ticles occurred more quickly than for the lighter parti-
cles (K1 < K2).

CONCLUSIONS
A turbulent f luidized bed sectioned along its height

with a set of horizontal grids was studied experimen-
tally for two types of particles belonging to class A of
the Geldart classification with different bulk densities.
The first type of particles had bulk density ρb =
1200 kg/m3, while the bulk density for the second type
was ρb = 1300 kg/m3. The studies were performed on a
cold test bench whose working unit was designed as a
vertical column of 0.7 m in diameter and 5.75 m in
height. Pressure drop fluctuations and average values
and pressure distributions along the f luidized bed
height were measured at f luidization velocity Wo rang-
ing from 0.1 to 0.75 m/s.

The plots for the dependences of the mean-square
deviation (MSD) of pressure drop fluctuations on f lu-
idization velocity Wo were used to determine the tran-
sition velocity Uc for both types of particles. It was as
high as 0.40 m/s for the lighter particles and 0.35 m/s
for the heavier particles. These values were close to the
ones found from the dependence of the energy spec-
trum power Е on the f luidization velocity Wo, i.e., 0.45
and 0.40 m/s, respectively.

Amplitude spectrum coefficient М grew mono-
tonically in the studied range of f luidization velocity
Wo, rising from 0.1 to 0.8 m/s, and there were no extre-
mum points for either type of the studied particles.
Our results show that the intensity of the frequency
spectrum of turbulent f luctuations in pressure drop ΔР
for the particles of type 1 with ρb = 1200 kg/m3 shifted
by 2–4% toward lower frequencies, compared to the
particles of type 2 with ρb = 1300 kg/m3.

The results from pressure measurements along the
bed height showed that the pressure fell linearly upon
an increase in the bed height. The dependence of the
pressure on the height can be described by a first-order
polynomial in the form , where sub-
script i corresponds to the type of particles, Ki depends
only on the type of particles, and pressure at the bed
bottom  depends on fluidization velocity Wo and the
density of the particles. K1 = −7544.0 Pa/m for the
lighter particles of type 1, and K2 = −11140.8 Pa/m for

( )02 01 2 1 ,nP P= ρ ρ

( ) 0i iP h K h P= +

0iP
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the heavier particles of type 2. In other words, the drop
in pressure along the bed height was faster for the
heavier particles than for the lighter particles. At the
same fluidization velocity Wo, the pressure at the bed
bottom Р0 was higher for the heavier particles, and the
change in Р0 upon a change in the density of particles

can be estimated using the relation ,
where n = 2.7.
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