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Abstract

The aim of the present study is experimental investigation of hydrodynamics of shallow fluidized bed of coarse particles. Air was fluidizin
fluid. y-Al,O; particles of 1 mm and 1.8 mm in diameter and density of 1080k fhoth Geldart D) were used. Experiments were carried
out in a column with rectangular cross-section area of 10000 mm, at temperatures of 20 and 500C. Measurements of absolute and
differential pressure fluctuations were employed. Standard deviation and amplitude spectra analysis were used to determine fluidization regil
In the range of superficial velocities 0—4.5msthree different regimes were found: single bubble regime, rapidly growing bubble regime and
turbulent fluidization. General qualitative characteristics of those regimes regarding bed structure were ascertained. Transition \teleeities be
regimes were experimentally determined and compared with literature correlations. A new correlation for prediction the velocity at the beginni
of turbulent fluidization in the coarse particle systems was proposed as foRews0.32647°52,
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ferent approaches for data analysis could be used such as time
and frequency domain analysis as well as chaos analysis. Time
Gas-solid fluidized beds have been widely used for manglomain approachesinclude: (a) observation of the time sequence
physical and chemical industrial processes. Shallow fluidize@f measured signal of pressure or voidage fluctuatibs11}
beds are applied for the processes which require short conta@t) standard deviation analyq$,2,5,7} (c) analysis of other
time between gas and particles (i.e. for reaching higher selestatistical moments like skewness and flatndgs autocorre-
tivity of intermediate component in a complex reaction net).lation and crosscorrelation functioffl]. Standard deviation
For efficient designing of these processes hydrodynamics analysis is the most common method based on plotting the stan-
the bed is of great importance. Therefore, many authors hawdard deviation of pressure or voidage fluctuations versus gas
investigated hydrodynamics of circulating and non-circulatingvelocity where the magnitude of standard deviation is propor-
fluidized beds of moderate and fine partic[gés7]. However, tional to the bubble size. Frequency domain approach is based
fluidized beds of coarse particleg,& 1 mm) were much less on applying Fast Fourier Transform (FFT) on fluctuating pres-
investigated8—11]. sure or voidage signal and obtaining amplitude spectra or power
For investigation of hydrodynamics different measurementensity spectra. Broadness of spectrum, existence and shifting of
techniques are applied such as: visual observation and videtominant frequencies are parameters connected to the structure
recording[4], pressure fluctuation measuremej2ts4,6,7,12]  of the bed. Frequency domain analysis is useful tool to prove
local voidage fluctuation measurements by means of optical fibehe existence of the same regime in different systems (or under
probeq13]and electrical capacitance tomogrably Also, dif-  different conditions) by comparing the amplitude spectra in the
same range of frequencigst]. In the frame of chaos analysis,
many researchers have used the Kolmogorov entropy in order to
- characterize fluidization regim¢3,6].
" Corresponding author. Tel.: +381 11 3303 768; fax: +381 11 3370 387. Previous investigations have confirmed the existence of six
E-mail addresses: danica@tmf.bg.ac.yu (D. Brzic), i o i N g o X
desislava.ahchieva@vst.uni-magdeburg.de (D. Ahchieva). main fluidization regimes: particulate fluidization (only Geldart
1 Tel.: +49 391 67 12331; fax: +49 391 67 12129. A particles), bubbling fluidization, slugging, turbulent fluidiza-
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experimentally the transition velocities between regimes and to
Nomenclature develop a correlation for prediction the velocity at the beginning
. . of turbulent fluidization in the coarse particle systems. The gen-
Am amplitude of pressure fluctuations, Pa : 2
] eral goal was to contribute to the development of general criteria
Ar Archimedes numbe|<= gdﬁ(pp - Pf)Pf/MZ) for fluidization regime prediction.
dp particle diameter, mm
D equivalent column diameter, m 2. Experimental
f frequency, Hz
g gravity acceleration, nT% 2.1. Experimental set up
h distance from distributor plate in E), cm
Hp settled bed height, m Experiments were carried out in the experimental apparatus
P> measured absolute pressure at position H2, P§  schematically shown iRig. 1. A column with rectangular cross-
AP1-3 measured differential pressure between positions  section area of 100 mm 100 mm and total height of 1.5 m was
Hland H3, Pa made of stainless steel. At opposite walls of the column two
Rec Reynolds number allc, (= prdpUc/it) round glass windows (6 cm in diameter) were inserted for visual
S.D.  standard deviation of pressure fluctuations, Pa  observation. Perforated plate gas distributor with 4.2% open area
t time, s and rectangular arrangement of holes (0.3 mm in diameter) was
U superficial gas velocity, nTs used. Pressure drop through the gas distributor was up to 2.7 kPa
Uc transition velocity rapidly growing bubble to tur- at operating conditions in this study.
bulent regime, mst Sphericaly-Al,03 particles (Condea Chemie) of 1 mm and
Unmb minimum bubbling velocity, mst 1.8mm in diameter and density of 1080 kg®n(both Geldart
Umt minimum fluidization velocity, mst D) were used as fluidizing particles. Important features of the
Ur transition velocity single bubble to rapidly grow;  particles at both tested temperatures were giviabie 1 Min-
ing bubble regime, m's imum fluidization velocity {/ms) was calculated from Wen-Yu
Ut terminal velocity of particles, nrs correlation[19] and the terminal velocity of particleg/{) was
determined from theoretical equatidi$].
Greek letters Air for fluidization was introduced at the bottom of the col-
5 gas viscosity, Pas umn by a compressor followed by an oil filter. Air flowrate was
o temperature;C 5 adjusted by the electronic massflow controller (F-203AC-FBB-
Pp particle density, kgm 55-V, Bronkhorst). For high temperature measurements air was
pf gas density, kgm’ heated by an electrical pre-heater with maximum power of 5 kKW.

Spiral electrical heater wound around the outside wall of the

column (with maximum power of 700 W) was used to provide

tion, fast fluidization and pneumatic conveying. In addition, constant temperature of the bed. Column was coated by thermal

some researchers pointed out that within bubbling fluidizatiorinsulation to avoid heat loss.

several modes could exist. Catipovic et[8]. have found three

sub-regimes within the bubbling fluidization, depending mainly2.2. Measuring instruments and operating conditions

onthe particle size: slow bubble, fast bubble and rapidly growing

bubble regime. Svensson et @I5] have reported the existence  Temperature in the centre of the bed was measured by

of single bubble and multiple bubble regimes depending on theli-Cr—Nithermocouples located at three positions: H1—20 mm

distributor pressure drop. below the distributor plate, H2—47 mm above the distributor
From available literature, it can be concluded that regime oplate and H3—248 mm above the distributor pldte( 1).

fluidization depends on: size and density of particles, superficial Pressure taps were installed at the same positions H1, H2 and

gas velocity, physical properties of gas, type of gas distribuH3. Differential pressure transducer (PD-23, Keller) was used

tor and its pressure drop, temperature and pressure, settled bedneasure differential pressure fluctuations between positions

height and diameter of the fluidization column. FurthermoreH1 and H3. Absolute pressure transducer (PA-23/25, Keller)

the regime is a complex function of these parameters and ther@ras used to measure absolute pressure fluctuations at position

fore its theoretical prediction is still hard and uncertain. SeveraH2. Pressure transducers were connected via A/D converter to

maps of fluidization regimes which could be found in literature

[16—18] are mainly based on results of investigations of flu-Table 1

idized beds of Geldart A and B particles, while data concerning’roperties of bed materials

fluidized beds of Geldart D particles are missing. dp (mm) 0 (°C) Unf (Ms™1) U (msY) Ar (=)
In this work, an experimental study of existing regimes in 2 057 T o8 76833
shallow fluidized bed of Geldart D particles is presented. Exper-' 500 050 8.99 22064

iments were based on absolute and differential pressure mea-
surements. Data were further processed by means of standard
deviation and amplitude spectra analysis. We aimed to determine

20 0.28 4.53 38895
500 0.17 5.00 3783
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Fig. 1. Experimental equipment: (1) fluidized bed apparatus, (2) gas distributor, (3) electrical pre-heater, (4) spiral heater, (5) massfler (€)rabslolute
pressure sensor, (7) differential pressure sensor, (8) A/D converter, (9) computer and (10) cyclone.

a PC with DIA/DAGO software for data acquisition. Sampling  The amplitude spectra were obtained by Fast Fourier Trans-
frequency was in both cases (absolute and differential pressuferm of the pressure—time series data.
measurements) 100 Hz and 2048 data points were recorded for
20sin each run. 3. Results and discussion
During the experimental measurements, particle diameter,
settled bed height and bed temperature were operating variablgs Regimes of fluidization
as itis summarized ifiable 2 At 500°C, it was not possible to
keep the temperature absolutely constant due to the variations; ;  perermination of regimes
in volumetric flow of gas, such that the temperature was in the g idization regimes were determined by using a common

range of 508t 10°C. , method of standard deviation of pressure fluctuations. The stan-
Standard deviation of pressure fluctuations (S.D.) was calclyarg deviation of pressure fluctuations versus superficial gas
lated as: velocity plot for both tested particle diameters is presented in
N Fig. 2 A careful observation of the change in standard deviation
SD = 1 Z(xi )2 1) with increasing gas velocity between 0 msind 5 m st reveals
N-1 — three velocities which bound the areas of different dynamical
behavior of the bed.

whereyx; is the sample from time series and is the mean A point at which standard deviation starts increasing due to
value of time series (of pressure fluctuatiodé)s the number the bubble formation is known as a minimum bubbling velocity
of sample points in one time series (2048). (Ump). In a narrow range of gas velocities abavgy, it can be
Table 2
Experimental operating variables
dp (mm) Hp (m) 0 (°C) Measured quantity (Pa) Velocity range (m} Number of experiments~)
1.8 0.046 20 APy 3 0-2 17

5004+ 10 0-2.4 18

0.093 20 0-2 18

500+ 10 0-4.3 25

20 Py 0-2 17

500+ 10 0-4.3 25
1.0 0.093 20 Py 0-2.2 26

20 AP13 0-2.2 23

500+ 10 0-4.3 33
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seen a rising linear trend of S.D. verstiglependence, which  (©) t(s)
1S, accordlng to Makkawi and ergl[l5], characteristic for the Fig. 3. Differential pressure signals measured in the bed with 1.8 mm particles

single bubble regime (S). Sharp slope means very fast growth ¢f ",/ _ 4 093 m ands=500°C: (a) in single bubble regime, (b) in rapidly
the bubbles with small increase in gas velocity. Since the slopgrowing bubble regime and (c) in turbulent regime.
is the same for both particle diameters, it can be concluded that
dynamics of bubble growth is the same in both systems. 3.1.2. Influence of temperature and settled bed height on
At the velocity marked a#/; linear trend of standard devia- ransition velocity U,
tion is suddenly changed. This change in the trend of standard Experimental values ot/mp, Uy and U (determined as it
deviation could be connected to the redistribution of gas in thgyas described in SectioB.1.1) for all investigated operating
bed due to the formation of a large bubble reaching in size thgonditions are given iffable 3
equivalent column diameter and its explosion. The velobity Obtained values of/; are in the range (3—4) Uns for
is taken as a transition to rapidly growing bubble regime (R).1.8 mm particles and (4—&) Uns for 1 mm particles. For very
Some authors call this regime exploding bubble redB]. I shallow bed Ko =0.046 nr D/2) no influence of bed temper-
this regime large oscillations of the bed surface were observegture on transition velocity/. was observed, while for beds
visually. with Ho=0.093 nr D, higherU, was obtained for temperature
The most obvious transition velocity is the veloclty cor-  of 500°C. This could be probably a consequence of the higher
responding to the maximum of standard deviation. Above thigas-particle frictional resistance in emulsion phase at’8)0
velocity S.D. shows a falling trend indicating a decrease in thesince the gas viscosity is increased and gas density is decreased.
bubble diameter. The velocity is wellknown as abeginningof  Table 3also shows that lower values féf. were obtained
turbulent fluidization (T). Nakajima et gJ20] have suggested for the smaller settled bed height. Smaller settled bed height
that at this velocity emulsion phase starts expanding, causingorresponds to the lower apparent weight of the emulsion phase
bubble breakage and disappearance. It can be séég.idthat  and requires lower energy of gas for expansion and breakage of
in the coarse particle systems disappearance of bubbles occurg bubbles. Satija and F§iil] have also reported lower values
very gradually in a wide range of superficial gas velocities (upof U for smaller settled bed heights in the fluidized beds of

to4.5ms?). particles ranging 1-7 mm in diameter.
Table 3
Experimental values fot/mp, Uy andU.
dp (Mm) Ho (M) 6 (°C) Umpb (Ms™1) Uy (ms™1) Uc (ms1) From fluctuations of
1.8 0.046 20 0.61 0.79 1.23 Differential pressure
500 0.59 0.80 1.23
0.093 20 0.60 0.70 1.7
500 0.59 0.77 2.4
20 0.60 0.70 15 Absolute pressure
500 0.48 0.77 2.0
1.0 0.093 20 0.33 0.56 1.23
20 0.33 0.60 1.50 Differential pressure

200 0.30 0.59 1.82




D. Brzic et al. / Chemical Engineering Journal 114 (2005) 47-54 51

Values of transition velocity/; determined from absolute and attributed to the cyclic appearance and rising of large sin-
pressure fluctuations data are lower then those from differergle bubbles through the bed. This shape of the signal might be
tial pressure fluctuations data for the same conditidablé 3, observed in deeper beds at slugging regime, leading Canada
which is in agreement with results reported by Bi and Graceet al. [8] to call this regime ‘apparent slugging’. However,
[21]. This fact is important to be known when results of differ- for velocity of 1.7 ms? corresponding to the rapidly growing

ent studies are compared. bubble regime (R irFig. 2), signal without clear periodicity
(Fig. 3v) confirms that regular dynamics of large single bubbles
3.1.3. Qualitative characteristics of the regimes is disturbed and more complex flow takes place. In addition,

In order to show the qualitative differences in bed structurehigher amplitudes indicate that sizes of bubbles are larger. Sharp
at three observed fluidization regimes, experimental data amecreases of pressure drop could be the consequence of explo-
presented in time and frequency domain. sion of large bubbles under the top of the bed. This was visually

Original pressure signals as functions of time, concerningbserved as the whole bed movements up and down. For the
different regimes in the bed with 1.8 mm particles, are showrvelocity of 4.3ms? corresponding to the turbulent regime (T
in Fig. 3. Signals are presented in the windows of the samén Fig. 2), significant decrease of amplitudes and very random
width (of 1200 Pa) for comparison of amplitudes. Although thenature of pressure fluctuations could be sdgg.(3c), indicat-
analysis of pressure signals is subjective, the differences in magnig a relatively high degree of homogeneity of the bed in this
nitudes of fluctuations and randomness are obvious. For velocitiegime.
of 0.71msL, corresponding to the single bubble regime (Sin  In the frequency domain, amplitude spectra of pressure fluc-
Fig. 2), strong periodicity of signal can be observétg( 3a) tuations were analyzed and frequency distribution was used
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Fig. 4. Amplitude spectra of differential pressure signals measured in the bed with 1.8 mm paitictés @93 m and = 500°C): (a) in single bubble regime, (b)
in rapidly growing bubble regime and (c) in turbulent regime.
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Fig. 5. Amplitude spectra of differential pressure signals measured in the bed with 1 mm paHicte®.093 m and = 500°C): (a) in single bubble regime, (b) in
rapidly growing bubble regime and (c) in turbulent regime.

as an index of flow pattern. Amplitude spectra correspondingbove the distributor plate). In the rapidly growing bubble regime
to pressure signals shown Iig. 3 (measured in bed with (Figs. 4b and5b) broadening of spectrum between 2Hz and
1.8 mm particles) are shown fg. 4. Three amplitude spec- 10Hz could be seen. Higher dominant frequencies (3.7 Hz and
tra of pressure signals measured in the bed with 1 mm particleg¢,8 Hz for 1.8 mm and 1 mm particles, respectively) indicate
also concerning different regimes, are presentelign 5. By  that residence time of bubbles in the bed is very short. Tur-
comparing, for example, the amplitude spectra for 0.7t's bulent regime (Figs4c and5c) is recognized in both systems

in 1.8 mm particle bed with amplitude spectra for 0.53ths by extremely low amplitudes (less then 30 Pa). Complete disap-
in 1 mm particle bed (Figs4a and5a), it is obvious that fre- pearance of dominantfrequency confirms the absence of bubbles
quency distribution is almost equal confirming the same regimén the bed.

in these two systems. Similarly, comparison of other two pairs

of amplitude spectra (Figsib and c andsb and c) leads to 3.2. Correlations for transition velocities

the same conclusion. On the other hand, in one single system,

broadness of spectrum, magnitudes and dominant frequencies For the transition velocity/; following equation proposed

alter significantly with the change in gas velocity. Single bub—by Catipovic et al[9] was found in literature:
ble regime (Figsd4a and5a) is characterized by very sharp '

narrow peak which represents passes of large single bubbleg _ ¢/ . — 2158 x %17, 2)
through the bed. Dominant frequencies of bubbles are 2.5Hz
(for 1.8 mm particlesl/=0.71 m s'1) and 3.8 Hz (for 1 mm par- We have calculated/; from the Eq.(2) using theoretical

ticles, U=0.53 ms!). Makkawi and Wrigh{5] have reported values ofUns (Table 9 and the distance of absolute pressure
bubble frequencies-3 Hz for this regime (at a level of 3.8cm sensor from the distributor plate (47 mm)/asComparison of
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Table 4 1000
Comparison of experimental values fof with correlation of Catipovic et al.
[
dp (mm) 6 (°C) Predicted/; (ms™1) Relative error (%) Re. = 0.326Ar°% O
1.0 20 0.56 0 1001
1.8 20 0.84 20 o

500 0.76 1.29 e

101 # This work
O Canada et al.[8]

our experimental values df; (obtained from absolute pres- A Perales et al.[23]
sure data,Table 3 with those predicted by Eq2) is given D Rhodes and Geldart [24]
in Table 4 Good agreement was obtained as it was expected 1 . ‘ X Henetal 21
since the Eqg.(2) had been derived for Geldart D particle 1.0E+02  1.0E+03  1.0E+04  1.0E+05 1.0E+06 1.0E+07
systems. Ar

For the transition velocity/; numerous correlations could
be found in literature and they were summarized by Makkawi
and Wright[5] and Arnaldos and Cas§l8]. However, there
are no correlations concerning coarse particles only. We havé Conclusions
chosen several of the proposed correlations according to appli-
cable range regarding our conditions and compared with our In spite of numerous interesting studies regarding fluidiza-
experimental values df. in theTable 5 Comparison was done tion regimes in beds of Geldart A and B patrticles, information
by taking into account the origin of data which correlations areconcerning dynamical behavior of Geldart D particle fluidized
based on. Eq(4) from Bi and Gracg?21] and Eq.(7) from  beds is rather limited.

Nakajima et al[20] showed reasonably good agreement with By using the standard deviation of pressure fluctuations and
experimental data regarding both particle diameters. Other coamplitude spectra analysis, in this work it was found that shallow
relations gave poor predictions especially for 1.8 mm particlegluidized beds of coarse particles passed through three differ-
implying the need for development of correlations 4y pre-  ent fluidization regimes with increasing gas velocity: single
diction in the coarse particle systems. bubble regime Ump< U< Uy), rapidly growing bubble regime

For this reason, we have attempted to correlate datd.of (Ump<U<Uy) and turbulent fluidization{> Uc). Single bub-
obtained in this work (from differential pressure measurementble regime exists in a very narrow range of velocities alidyvg
for both particle diameter at both temperatures) together witland it is characterized by periodic risings of large single bubbles
data of U, reported in literature for particles larger then 1 mmthrough the bed. In rapidly growing bubble regime large voids
[8,22—-24]as it is shown irFig. 6. Data were expressed in terms of gas pass very fast through the bed so that this regime should
of Reynolds and Archimedes numbers and the following correbe avoided due to the poor contact between gas and particles and

Fig. 6. Correlation foi/; prediction in the coarse particle systems.

lation was obtained by the least squares fit: high instabilities of the system. Turbulent regime in the coarse
particle systems investigated in this work, starts at gas velocities
Rec = 0.3264r°52 (8)  (3-6)x Ums, and it is characterized by very gradual disappear-

_ . . _ ance of bubbles with increase in gas velocity. Transition velocity
Obtained correlation agreed well with the experimental datq/, was found to depend on settled bed height and temperature

(R?=0.984) in the range ofr number 2x 1°<Ar<2x 10°.  sych that it was lower for smaller settled bed height and lower
Although the simple form of equation ae; =aAr” does temperature.

not take into account bed diameter and settled bed height, it |t is worth noting that values for the transition velociti

was shown to be the most adequate form according to the widghtained from absolute and differential pressure data are differ-
statistical analysis of Arnaldos and Cafia], and also suitable  ent. This fact should be taken into account when comparisons

for making maps of fluidization regimes and for scale-up. or generalizations are made.

Table 5

Comparison of experimental values fgg with literature correlations

Author Correlation Predictetl; (ms™1) Relative error (%) Applicable range
dp=1mm dp=1.8mm dp=1mm dp=1.8mm

Bi and Gracd21] Rec = 1.24Ar%%%  (3) 2.18 2.68 453 57.6 24r<10P

Bi and Gracq21] Rec = 0.57Ar046  (4) 1.11 1.39 9.75 7.33 14r<10P

Horio [23] Rec = 0.9364r0472  (5) 2.08 2.65 38.7 55.9 545 < 2600um

Lee and Kim[17] Rec = 0.7Ar9485  (6) 1.78 2.33 18.6 37.0 0.44¢ <4 x 107

Nakajima et al[20] Rec = 0.633470467 (7) 1.33 1.69 11.3 0.58 14r<10°

Egs.(3), (5) and(7) are from differential pressure data. E4) is from absolute pressure data. 8) is from bed expansion data.
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In order to provide the prediction of transition velociti [11] S. Satija, L.-S. Fan, Characteristics of slugging regime and transition to
in coarse partic|e systems the new correlation was proposed as turbulent regime for fluidized beds of large coarse particles, AIChE J.
follows: Rec = 0.3264/%-%2and it could be used with a high level 31 (9) (1985) 1554-1562.

. . [12] O. Trnka, V. Vesely, M. Hartman, Identification of the state of a fluidized
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