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Abstract

In this paper, the possibility of achieving a stable fluidised bed made of the cenospheres was
examined. Cenospheres are the waste material from hard coal power plants. This material is
perfectly spherical, and it is thin-walled and filled with gases (mainly CO,, N,). Because of
their low density, particle size and sphericity, cenospheres can be easily fluidised even at low
flow rates of the fluidising medium. Moreover, the application of acoustic waves during the
fluidisation of cenospheres removes the apparent effect of double stationary states and moves
the minimum fluidisation velocity into lower gas flow rates.
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Streszczenie

W niniejszej pracy zbadano mozliwos$¢ stworzenia zloza fluidalnego z materiatu cenosfer.
Cenosfery sg materiatem odpadowym z elektorcieptowni. Idealnie kuliste, o cienkich $cian-
kach, wypetnione w $rodku gazami (CO,, N,) sa materialem niezwykle lekkim. Ze wzglgdu
na niewielkie wartosci gestosci, sferyczny ksztatt oraz rozmiary ziaren cenosfery daja si¢ ta-
two sfluidyzowac juz przy niewielkich przeptywach czynnika fluidyzujacego. Zastosowanie fal
akustycznych podczas fluidyzacji cenosfer niweluje pozorny efekt podwdjnej stacjonarnosci
oraz przesuwa poczatek fluidyzacji w kierunku nizszych wartosci przeptywu gazu przez ztoze.

Stowa kluczowe: cenosfery, ztoze fluidalne, predkosé¢ minimum fluidyzacji
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1. Introduction

The fluidisation phenomenon is based on the suspension of solid particles in a stream
of liquid or gas flowing from the bottom of the reactor [1]. In this way, solid particles
take the form of pseudo-liquid, thereby gaining properties that are advantageous from
the technological point of view. The most important benefits of a fluidised bed are good
temperature equalisation, good mass and heat transfer as well as a low pressure drop [2].
These features allow for the fluidisation to be applied in many industrial applications,
including coating [3], combustion [4] and heterogeneous synthesis [5—7]. Not every type of
powder is able to achieve stable fluidisation, due to the fact that it depends on the individual
characteristics of the powder, such as shape, particle size and density of the material. The
ability of the powder to fluidise can be assessed on the basis of the classification created in
1973 by the Geldart [8]. Material density and the average grain size are the main criteria for
this powder classification. Geldart’s powder classification is shown in Figure 1.
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Fig. 1. Geldart’s powder classification

Class C powders have the smallest size, which typically does not exceed 30 microns.
Such small grains have maximum cohesiveness, hence, they tend to stick together. A large
interaction force between particles makes the formation of a stable fluidisation for this
type of material difficult, and it often results in channelling. Examples of Group C powders
include powder, flour and starch [9]. Group A powders are materials that can be easily
fluidised. Such particles have a relatively small average particle size (30—100 um) and
a low apparent density, below 1.4 g/cm®. Fluidisation of Group A powders is relatively
mild and is characterised by small bubbles, high bed expansion and good circulation of
the grains [10]. The gas velocity at which bubbles are observed is significantly higher
than the minimum fluidisation velocity. The catalyst for fluid catalytic cracking (FCC)
is an example of a Class A material. Geldart assigned powders with a particle size of
0.1-1 mm to class B. These powders readily form a bubbling fluidised bed (the minimum
fluidisation velocity is equal to the minimum bubbling velocity). The bubbling fluidised
beds are classified as heterogeneous beds because a large part of the gas is enclosed in
bubbles. Quartz sand with a diameter of approx. 0.5 mm is the most typical representative
of group B [11]. Grains greater than 1 mm and with high density (Class D) can be fluidised
only at a large momentum value. The bed made out of this material is characterised by
large bubbles, whose velocity is lower than the velocity of remaining gas in the emulsion.
The low level of mixing also makes the transport of mass and heat is low.
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In this paper, the possibility of achieving a stable fluidised bed made of the cenospheres
was examined. Cenospheres are the waste material from hard coal power plants equipped with
pulverised boilers. It is estimated that cenospheres constitute up to 5% mass of fly ash [12].
This material is perfectly spherical, and it is thin-walled and filled with gases (mainly CO,, N,).
In addition, cenospheres have low density (ca. 0.7 g cm™®) and they are characterised by high
temperature resistance (up to 1300°C), mechanical strength (up to 6 on the Mohs scale) and a low
thermal conductivity (about 0.07 Wm'K™) [13, 14]. The physical properties of cenospheres
indicate that this material could be easily introduced in the fluidised state. The application of the
cenosphere material as a carrier for the catalyst grains may be very beneficial in the processes
occurring in a catalytic fluidised bed. Covering cenospheres with a catalyst powder allows to
obtain catalyst particles with a much lower density compared to the original material grains, so
that it will be possible to lower the minimum fluidisation velocity and the carrying processes at
low gas flows, and therefore, cause a longer contact time of the reactants with the catalyst.

2. Experimental Methods

Cenospheres were supplied by the Polaniec Power Plant, where its acquisition is based
on the wet method. Raw microspheres were subjected to initial drying at 105°C for 12 h,
followed by purification in boiling water according to the procedure described before [15].
Furthermore, the cenospheric material was sieved and divided into four fractions: with
a particle size less than 45 microns, 45—71 microns, 71-100 microns, 100—125 microns. The
processes of fluidisation of the separated fractions of cenospheres were examined by passing
a gas through the bed of each fraction of the material. In order to measure the pressure drop
caused by the bed of cenospheres, a laboratory installation was built. A transparent flow
tubular reactor, having an inner diameter of 3.6 cm and a height of about 25 cm, was used.
The pressure sensor was placed under the bottom sieve. Nitrogen was used as the fluidising
medium. The measuring system scheme is shown in Figure 2.

0

250
F
, 150§_
= B
. N\ 1o
N\ JERH i\ :
},/ “\ N\ =
5 | A 50 }3
He A\ D] 5
= - o3
4 6
a\ BN
3
\
\ \
——}—kﬂ— \\J \;8&

Fig. 2. Installation diagram for measuring the pressure drop: 1 — compressed gas, 2 — reducer,
3 —valve, 4 — flow meter, 5 — bottom sieve, 6, 7 — pressure sensors, 8 — converter, 9 — computer,
10 — dedusting system, 11 — camera



At first, the pressure drop that occurred during gas flow through an empty reactor was
determined. The measured dependence of the pressure drop, caused only by the bottom sieve
and the filter with a pore size of 10—20 microns, was linear. Thus, it was possible to calculate

an arbitrary pressure drop caused only by one layer of cenospheres.

3. Results and Discussion

The plots of the pressure drop versus the velocity of the fluidising gas were calculated
on an empty cross-section of the reactor, which is shown in Figure 3a. Fluidisation
is characterised by a constant level of pressure drop, despite increasing the nitrogen
velocity, and the beginning of this stabilisation indicates the minimum fluidisation
velocity. The value of the minimum fluidisation velocity for each fraction of material
was determined from the curve by extrapolating linear lines within the ranges of the
lowest and the highest gas flow rates. The abscissa of the intersection point of these
lines represents the minimum gas velocity at which fluidisation occurs (Fig. 3b). The
coefficients of regression equations for the range of lower and higher flow rate of the gas
through the bed, and the minimum fluidisation velocity calculated based on them, were

shown in Table 1.
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Fig. 3. The dependence of the pressure drop in the layer of cenospheres with a different grain size
versus the flow rate of nitrogen: a) actual course of the curves b) extrapolation within ranges of the
lowest and the highest flow rates of gas

All of the examined fractions of cenospheres can be easily introduced in the fluidised
state. The stable fluidised states of the tested materials were achieved at low flow rate of the
fluidising gas (from 0.1 to 0.4 cm s™"). The process of fluidisation was mild because the layers
were characterised by a large expansion of the bed and a high degree of mixing.
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Table 1

Coefficients of regression equations for the lower and higher flow rate of the gas through
the bed and the minimum fluidisation velocity

Lower range of flow | Higher range of flow rate of Minimum
Cenospheres Bed e
fraction mass rate of the gas, the gas, fluidisation
Ap = a*u Ap=a*u+b velocity, U,
pum g a R? a b R? cm/s
045 10 0.9679 1.000 0.0148 0.0981 | 0.986 0.103
45-71 10 0.6797 1.000 0.0101 0.0954 | 0.973 0.143
71-100 10 0.4568 1.000 0.0018 0.0974 | 0.439 0.214
100-125 10 0.2465 1.000 0.0010 0.0964 | 0.132 0.393

In the following study, the fraction of 71-100 um was purified by heating in water at
a temperature of 90°C. Therefore, broken and perforated cenospheres sank to the bottom.
The purified fraction of cenospheres is labelled as IMS (intact microspheres). The fluidisation
processes of fraction 71-100 microns before and after purification are summarised in Fig. 4.
The results of the coefficients of linear regression equations derived from data, obtained in
the low and the high value of the fluidising gas flow, are presented in Table 2.
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Fig. 4. The dependence of the pressure drop in the layer of cenospheres with a particle size
of 71-100 um versus the flow rate of nitrogen

The pressure drop in a layer of cenospheres is directly related to the weight of the bed.
The ratio of pressure drop for fraction 71-100 microns with masses of 10 and 20 grams is
the same as the ratio of their masses. It is known that the minimum fluidisation velocity does
not depend on the weight of the bed. Minimal difference between minimum fluidisation
velocities of fraction 71-100 microns, calculated for 10 g and 20 g of bed mass, can be
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explained by a greater stability of the heavier bed and, thereby, the greater accuracy of U "
determination. The minimum fluidisation velocities of raw and purified cenospheres slightly
differ from each other (0.214 and 0.220 respectively). However, this difference is not the
result of purification because the weight loss after heating was less than 2%, and thus it can

be neglected.
Table 2

Coefficients of regression equations for the lower and higher flow rate of the gas through
the bed and the minimum fluidisation velocity for raw and purified cenospheres of 71-100 pm

Cenosphere Bed Lower range of Higher range of flow rate Mlmmum
fraction mass flow rate of gas, of gas, fluidization
Ap = a*u Ap=a*u+b velocity, U,
um g a R a b R cm/s
71-100 10 0.4568 1.000 | 0.0018 | 0.0974 | 0.439 0.214
71-100 20 1.1235 0.983 |-0.0081 | 0.2015 | 0.892 0.178
71-100 IMS 20 0.8628 0.999 | -0.0030 | 0.1907 | 0.559 0.220

Furthermore, the characteristic hysteresis loop after decreasing of fluidising gas flow rate
was observed. The phenomenon of the occurrence of the local maximum, which is the result of
large interaction between small grains, is known. Dispersion of the hysteresis is large, which
suggests the simultaneous existence of two steady states. For example, fluidisation of 20 g of
71-100 microns IMS could be carried out at a gas velocity of 0.3 cm/s and with a pressure
drop equal to approx. 0.17 and 0.19 kPa, respectively. In order to exclude the existence of
two stationary states, experiments for fractions 45-71 and 71-100 were repeated with the
additional presence of acoustic waves with different frequencies. An example plot for a fraction
of cenospheres with a grain size 45-71 um was shown in Figure 5. The minimum fluidisation
velocities were determined on the basis of extrapolation and are summarised in Table 3.
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Fig. 5. Changes in pressure drop during the fluidisation of cenospheres with a particle size 45-71 um
in the presence of sound waves of 50 Hz



Table 3

Minimum fluidisation velocity of cenospheres with a grain size of 45-71 pm
and 71-100 pm in the presence of the acoustic waves

Particle Size Distribution | Frequency of a acoustic Wave Minimum Fluidisation
um Hz Velocity cm/s
0 0.107
45-71 50 0.052
100 0.072
0 0.220
25 0.100
50 0.108
71-100
75 0.105
100 0.107
150 0.131

The application of acoustic waves during fluidisation of cenospheres removes the
apparent effect of double stationary states and moves the minimum fluidisation velocity into
lower gas flow rates.

The application of sound waves from the 20—100 Hz range makes the minimum fluidisation
velocity of cenospheres fraction with a grain size of 71-100 reduced from 0.220 cm/s (for an
experiment without vibroacoustics) to the range of 0,100-0,108 cm/s. After a certain level
of the impact of sound waves from the range of 20—-100 Hz, the efficiency of the influence
of lower sound waves on the minimum fluidisation velocity is decreased, and for waves of
150 Hz, this difference in velocities is smaller. It can be stated that the damping of waves
with higher frequencies occurs because of the inertia of the individual grains, and it is greater
than for the lower waves.

4. Conclusions

Because of their low density, particle size and sphericity, cenospheres can be easily fluidised
even at low flow rates of the fluidising medium. For example, the minimum fluidisation
velocity of cenospheres with a grain size of 45—71 microns is 0.107 cm/s. Moreover, acoustic
waves of 50 Hz may reduce this value to 0.052 cm/s. The physical properties of cenospheres
and the easiness of its fluidisation process allow to classify this material to group A in the
Geldart’s classification.
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