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ARTICLE INFO ABSTRACT

Keywords: This study refers to an experimental analysis of the fluid-dynamics of particles of sugarcane bagasse in a flui-
Sugar cane bagasse dization column with an internal diameter of 190 mm, which determined the minimum fluidization velocity of
Fluidization

the particles with different characteristic diameters (0 < dp < 9.5 mm), using air as fluidization means. The
results have shown that the minimum fluidization velocity has a tendency to increase as the diameter of the
particle increases. However, in a certain range of diameter (0.88 mm < dp < 9.5 mm), where the particles have
a high aspect ratio (length/diameter), it has not been possible to fluidize them. High superficial air velocities
have been used, mainly due to the strong trend to interlace and to develop high adhesion forces in this type of
particles, as well as the high porosity that is displayed. Based on the experimental results, two new models have
been developed in order to determine the minimum fluidization velocity and the complete fluidization velocity
of the sugarcane bagasse with diameters that range from 0.075 to 0.445 mm. The comparisons have been made
by using correlations from the literature for the determination of the minimum fluidization velocity, and the
experimental results have shown that the new suggested correlations finely predict this parameter, with a

Minimum fluidization velocity
Fluidized bed

maximum error range of 6%, respecting the experimental values.

1. Introduction

The minimum fluidization velocity is one of the most important
parameters that define the fluid-dynamic characteristics of a fluidized
bed [1]. Not only does this parameter quantitatively indicate the drag
force that is required for the suspension of a solid in the gaseous phase,
it also constitutes a reference for evaluating the intensity of the flui-
dization regime when using high velocities [2].

Therefore, a precise determination of this parameter has vital im-
portance for the fluidization behavior, which is one of the most im-
portant factors that influence the combustion and gasification effi-
ciencies [3], and the correct design and operation of fluid-bed
equipment [4] [5].

So far, many equations have been obtained in order to calculate this
variable for different materials, including steel balls [6], dolomite [7],
coal, limestone, iron ore [8], glass beads [9], and others [10], each one
with a different particle size distribution and a well-known manner.

A study to determine the minimum fluidization velocity involving

wood particles, corresponding to Group C from Geldart classification,
has been reported by Reina et al. [1]. By comparing experimental re-
sults with correlations reported in the literature by Refs. [6] and [11],
these authors conclude that there is not much coincidence between the
calculated values in regards to the experimental results, especially in
the second correlation., coinciding with the study by Lippens and
Mulder [12], where it is suggested that this equation provides poor
results when it is used for particles with an sphericity between 0.1 and
0.5. Abdullah et al. [13] report a theoretical and experimental study
using biomass residues, such as rice husk, peanut shells, sawdust, co-
conut shells, and palm fibers, as well as coal and bottom ash, by using
the small cold-flow chamber and the pressure drop method for de-
termining the minimum fluidization velocity. Particles from Group B
from Geldart classification (coconut shells, sawdust, peanut shells, coal,
and bottom ash) have shown a good fluidization, while particles from
Group D (rice husks) and A (palm fibers) have had a poor fluidization.
The results obtained have been compared to the empirical equation by
Leva [14], which has shown significant differences, except for the
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Nomenclature

A, cross-sectional area (m?)

Ape sphere area (m?)

A, Archimedes number (—)

d, characteristic particle diameter (m)
&p Sauter mean diameter (m)
dy Feret's diameter (m)

g gravity (m/s)

H height (m)

AP drop pressure (Pa)

R, Reynolds number (—)

\4 superficial velocity (m/s)

w weigh of bed material (kg)

X mass fraction of particles (%)
Greek symbols

E voidage (—)

P density (kg/m>)

D roundness (—)

u viscosity (Pa.s)
Subscript

bulk bulk

o complete fluidization
e experimental

£ fixed bed

g gas

i each parameter

mf minimum fluidization
» particle

- real or skeletal

s solid

¢ theoretical

prediction made from rice hulls, which has shown similar values to
those from the experimentation stage.

A proposal of a new correlation to determine the minimum fluidi-
zation velocity of particles of walnut shell and corn cob is reported by
Paudel and Feng [15]. The results have been compared to reported
studies by other authors [13], showing that the model has a good be-
havior when it is used in these types of biomass.

The disagreements between the values predicted by existing corre-
lations applied to biomass particles show the necessity of further in-
formation and studies in order to reveal the fluid-dynamic behavior of
these types of particles. Several studies have been made by using dif-
ferent types of biomass, but no work has been reported on the fluidi-
zation characteristics using sugarcane bagasse. Thus, the aim of this
study is to determine the minimum and complete fluidization velocity
of particles of sugarcane bagasse, aimed at examining the effect of the
particle diameter, density, and form in this parameter.

2. Materials and methods
2.1. Material preparation and properties

A sample of approximately 150 kg of sugarcane bagasse from the
mills in the central region of Sao Paulo and from the Brazilian Northeast
has been collected. The collected bagasse was composed by mixtures of
different varieties of sugarcane, such as RB867515, SP81-3250,
RB855453, SP79-1049, SP 91-1049, which are the most used varieties
in Brazil and, mainly, in those regions [16]. This bagasse comes from
different geographic locations, soil types, harvest time, weather con-
ditions, and harvesting procedures (manual or mechanized ones).

The juice extraction and the bagasse production process is similar to
the one reported by Lobo et al. [17]. The process consists of a washing
system in which the excessive amounts of soil particles are extracted;
then, the sugarcane is inserted in a series of systems, using knives, to
reduce the size of the stems, and shredders. These systems, then, pro-
mote the fiber opening and the formation of a uniform layer of su-
garcane, improving the juice extraction. The extraction process is called
tandem mill, and it is typically constituted by 4-7 mills. In each one of
them, there are 3-5 rollers and radial grooves in the form of “V”, which
serve to crush and remove the cane juice. Generally, the rollers are
arranged in a triangle way, so that the fiber fraction of the sugar cane
stalks is compressed twice: once by the upper mobile roller and the
input fixed roller, and once between the upper roller and the output
roller, in order to separate the juice from the pulp. The bagasse is
collected at the end of the belt, and is, from this moment on, called

bagasse “in natura”. In the previously selected material samples, a sub-
sample has been taken. This sub-sample has been divided, and one of its
quarters has been dried in an oven, in order to accelerate this process,
due to the high humidity the bagasse has (between 48 and 52% [18]
[19]) at the end of the process. The temperature used in the drying was
103 =+ 1 °C with a natural air circulation, according to ASTM E871
norm [20]. This dried sample has been divided again in four parts and
left in an open bag under atmosphere conditions for several days, until
there was an equilibrium moisture content, at an environmental tem-
perature of 27 °C, and atmosphere pressure, simulating the natural
drying process that takes place in sugar mills or when different drying
techniques are used to diminish humidity to a 10-20% [19]. In this
case, the equilibrium humidity experimentally determined for this ba-
gasse sample has been 8.71 = 0.4%.

2.2. Classification of particle size

The classification of the particles has been performed according to
Geldart's criterion [21], based on the density and particle size and using
air as a fluidizing agent under environmental conditions.

In order to determine the distribution of particle sizes, a re-
presentative sample of 80 g of bagasse has been fractionated using
sieving techniques. The equipment used was a Produtest vibrating
machine, model T, with a sieving time of 20min. A standardized ASTM
E828 has been used [22], with eight screens and wholes of 9.5, 4.75,
2.36, 1.18, 0.59, 0.3 and 0.15 mm respectively in the bottom. The
weight retained on each sieve has been quantified in a DIGIPESO digital
electronic balance, model DP-3000, with an accuracy of 0.01 g. The
experiment for the determination of the distribution particle sizes has
been repeated 270 times so as to obtain a reliable distribution and an
adequate amount of bagasse particles from each diameter of screens
used, which would later be used in the fluidization experiments. The
average value from all experiments has been adopted as the final result.

The Sauter mean diameter is calculated as [23] [24]:

d,= _
Lz (5) @
Where:
d,; = [(xi2 + x5 (% + xip1) }0'33
" 4 @
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2.3. Determination of densities

In order to determine the real density of bagasse, a helium gas
pycnometer has been used, model Quantachrome ULTRAPYC 1200e,
with an accuracy of 100 g/m>, which is able to make five replicate
measurements, showing the average value obtained, as well as the
standard deviation and the variation coefficient. The apparent density
or particle density has been determined by the liquid pycnometric
technique. The determination of the bulk density has followed the
ASTM E873-82 norm [25], in which an electronic laboratory balance
(CELTAC Mark) has been used, with an accuracy of 10 mg. In Table 1,
the results of this analysis are presented.

2.4. Voidage

Bed porosity is defined as the relationship between the volume of
the spaces and the total volume of the bed, comprised by the volume of
particles and the volume of spaces between them, always being e < 1.

voidage volume

"~ volume of particle + voids

This parameter is related to the bulk and particle densities by using
the following equation:

1 — Pouik
Bp

£ =

€]

2.5. Roundness

Roundness is a dimensionless parameter, defined as the relation
between the sphere area and the projected area of the particle, both
with the same volume (Equation (3)).

Ape

(dy)?

=4
? @
For small particles, pith type, the roundness determination has been
made by using digital image analysis techniques. In this case, two Zeiss
microscopes have been used, as well as a stereo microscope model
Stemi 2000, and an optical transmission microscopy model Axioskop
40, with bright-field illumination and semi-achromatic lens (2A, 2\)) of
2.5X, 5.0X, 20X, and the ImageJ software, which makes it possible to fit
into an ellipse the binary image projected by the particles, based on
second order central moments [26]. For the biggest particles, the de-
termination of this parameter has been carried out according to Hey-
wood and Bernhardt's description [27] [28]; for fibers such as particles,
an electronic digital caliper is used, as well as an electronic digital
thickness gage, both with a resolution of 0.01 mm.

2.6. Theoretical analysis

The pressure drop of a fixed bed is defined by Pavlov et al. [29] as:

w
AP, = — = const

A, )
The pressure drop of a fixed bed with length (L), for non-spherical
particles with an average diameter (d,), is given by Ergun [30] as:
AP, 150(1 —g)* KV 1,751 — ) (0 V)
H g @4y (¢dy) ®
When the pressure drop is equal to the weight of the particles per

unit area contained in the bed, it starts to expand under these condi-
tions:

3
> F

APy = Hyp(1 = &np)(0, — £,)8 @

By making an arrangement in equations (6) and (7) and multiplying
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. 3 pg
both sides by. ———*—
Hg - A —emp)

A correlation expressed in terms of dimensionless quantity, known
as Archimedes number (Ar) [15], is obtained (some authors have called
this term as Galileo number) [6] [31], as well as Reynolds' minimum

fluidization number (Repy):

150(1 — &pp) 1,75
Ar = 2.3 e mp + 5~ Rey
¢ gmf ¢ Emf (8)
Where:
dyp (B, = p,)8
A=t 2
My Q)
dp Vi P,
Remf = g
Ky (10)

This Ergun equation requires the determination of sphericity and
porosity of minimum fluidization parameters, which are very difficult
to determine experimentally; therefore Wen and Yu [6] have proposed
a simplified form for this equation as it follows:

0 = 1650-Reyy + 24.5-Rey — A, an
or
Rens = (33.7% + 0.04084,)%5 — 33.7 (12)

Other researchers have developed their own correlation to de-
termine the minimum fluidization velocity under experimental condi-
tions, being the most known, for different types of biomass among
many others, reported in Ref. [32], and shown in Table 2:

2.7. Experimental installation

Fig. 1 shows a schematic representation of the experimental in-
stallation used in the experiments. The fluidized bed consists of an
acrylic column (1), with a thickness of 5 mm, an internal diameter of
190 mm, and a total height of 2.5 m. Regarding the air distributor plate,
three sections (two of 1 m and one of 0.5 m) are coupled, forming the
dense bed region and the freeboard. In this case, both zones have the
same diameter. The installation uses a nozzle-type gas distributor (2)
with 33 tuyeres of 0.012 m of diameter and a triangular arrangement
with a 20 mm pitch. Each pipe has four holes with 2 mm of diameter
each, inclined in 45° in the cross section. The air has been injected
through a radial blower (3). There have been made four pressure taps
(4) in the fluidization column, located in the right wall: one was in the
gas chamber, below the air distributor plate, and the others were lo-
cated along the column up to a height of 2.55 m. The static pressure
drop across the bed has been measured by using U-tube manometers
(5). The heights of fixed and expanded bed have been measured with
the aid of a millimeter-sized scale, fixed to the wall of the column.

The superficial air velocity inside the column has been measured
with a hot wire anemometer, from Instrutherm, model TAFR-190 (6)
with a measuring range of 0-25 m/s and a resolution of 0.01 m/s. A

Table 1
Principal characteristics of particles of sugar cane bagasse.

diameter Pbulk Pp Pr Voidage Roundness Geldart [21]
(mm) (kg/m*) (kg/m® (kg/m®) (¢) D) Classification
9.5 66.3 465.9 1389.5 0.664 0.27 D
7.125 74.6 470.6 14019 0.664 0.28 D
3.555 77.9 478.6 1420.8 0.663 0.32 B
1.77 79.3 483.3 1476.1  0.672 0.28 B
0.885 82.9 520.0 1542.2  0.674 0.30 A
0.445 93.1 560.6 18029 0.711 0.34 A
0.225 107.0 605.2 1951.7 0.712 0.54 A
0.075 147.8 484.6 2221.1  0.727 0.55 A
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Table 2
Correlation to determine the minimum fluidization velocity.

Reference Correlation Particle type

Reina et al. [1] different types

Repf = (48% + 0.0454,)"° —

of woods
Paudel e Feng [15] Regy = (30.28% + 0.108Ar)0'5 3028 walnuts shell,
corn stalk
Kozanoglu et al. Repy = (36.82 + 0.0654,)"° — 36.8 black pepper,
[331¢ > 0,8 5 05 millet,
05<d <08 Reps = (33.62 + 0.05984,)"° — 33.6 munition
both types Rems = (30.32 + 0.05464,)"° — 30.3 paste, corn,
turf seeds, and
others.
Babu et al. [8] Remys = (25.3 + 0.06514,)"° — 25.3 coal,
limestone,

iron ore

(¥

(]

AR

>

n
s K
1

N

Fig. 1. Schematic diagram of the fluidized bed system.

globe valve (8) installed in the blower output, with an angular graduate
aperture, makes it possible to regulate the flow injected precisely into
the bed. At the exit of the column a tangential cyclonic separator (9) has
been installed to recover the particles that may be elutriated from the
bed during the tests.

2.8. Procedure

The experiments have been made with a static bed height of
200 mm. Particles of sugar cane bagasse of each size, determined in the
sieve analysis, have been introduced through the top of the column in
order to reach this height. The minimum fluidization velocity has been
determined by the pressure drop method, in which the corresponding
value of the V. is obtained from the intersection of the slope curve,
which corresponds to the initial velocity of the air under the fixed bed
condition, with the horizontal line indicating the constant pressure drop
through the bed, similar to most of previous investigations [5] and
[13]. The complete fluidization velocity has been determined based on
visual observations that the superficial air velocity in the entire bed
started fluidizing vigorously.
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The air injection has been gradually controlling the input flow
through the angular control valve (for each opening interval there is a
correspondent velocity value), the pressure drop data recorded in each
case on the U-manometers have been scored. All the experiments have
been conducted under room temperature and pressure, with the car-
rying out of three experimental runs for each particle diameter, con-
sidering the average of the obtained values. All the experiments have
been analyzed qualitatively and quantitatively, evaluating parameters
as total pressure drop through the bed, the bed expansion, and the
elutriation velocity of the particles.

There have also been visual observations and images have been
recorded with a digital camera. The experimental results have been
compared to the predictions of the correlations previously reported in
the literature. The comparison criteria used to validate the results has
been the Relative Error (RE), defined as:

|Vme - metl
Vinge

RE = 100 [%]

a3

3. Results and discussion

The results of the sieve analysis are shown in Table 3. It is possible
to see that about 41% of the total sample is made up by particles with
diameters between 0.885 and 9.5 mm, while about 35.4% is made up
by diameters between 0.225 and 0.445 mm. The mass of particles in the
lower end of the series of sieves represents 6% of the total analyzed
mass. The characteristic average diameter determined experimentally
for sugarcane bagasse “in nature” has been 0.722 + 0.08 mm. Ac-
cording to the fraction values in a retained mass, it can be said that the
sample has a normal distribution, a contrary result to what has been
reported by Polanco et al. [19], using different bagasse samples, where
the distribution has shown an almost flat behavior. A possible reason
for these differences can be the different methods used to obtain each of
the samples in each case. In the study by Polanco et al. [19], the bagasse
sample is obtained from different factories, where heaps of bagasse
have been stored in an open-air space for a period of time between 1
and 3 years. It is known that the distribution of the size of the bagasse
particles can be affected by different factors, such as: the sugarcane
varieties used, the system used to extract juice, the type of soil, the
weather conditions, the harvest time, and the sampling techniques. The
long storage time in an open-air space can favor the emerging of natural
segregation, due to the differences in particles' size and density, with
the smallest particles as the ones tending to concentrate in the middle
and lower part of the heap [34].

Therefore, both studies show coincidences in the value of the
average diameter obtained from the bagasse, showing values between
0.7 and 1.3 mm, which are similar to the ones reported by Gabra et al.
[35] and De Filippis et al. [36], in which most of the sugarcane bagasse
particle concentraiton has been retained in the screens, with diameters

Table 3
Results of Sieve’ analysis.

Serie Tyler Diameter  dy; (mm) Weight Weight Mass Mean
range collected  fraction fraction diameter
(mm) ® X; retained (mm)

(%)

0.37in 9.5-4.75 7.125 10.359 0.07440 12.95 0.7221

4 4.75-2.36  3.555 4.407 0.05254 5.51

8 2.36-1.18 1.77 8.610 0.00951 10.76

16 1.18-0.59 0.885 9.371 0.09043 11.71

28 0.59-0.3 0.445 16.605 0.00350 20.76

48 0.3-0.15 0.225 16.325 0.08146  20.41

100 0.15- 0.075 9.808 0.06616  12.26
<0.15

bottom 0 4.515 0.07440 5.64

total 80 100
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between 0.25-1.0 mm and 0.5-1.0 mm, respectively.

In the range of diameters between 0.88 and 9.5 mm, a high aspect
ratio has been observed, i.e., the length is bigger than its diameter,
which is characteristic of long and fine particles with a higher fiber
content, which propitiates a high cohesiveness among them, making the
fluidization process virtually impossible to take place.

With particles considered in Group B from Geldart's classification
(dp = 0.88-3.55 mm), the air flowed through preferential channels,
without any possibility to fluidize the bed. These peculiar features of
size and shape in this type of particles, along with the low apparent
density presented, have caused an adverse effect on fluidization. This
happens mainly due to the tendency to bridge and interlace each other,
since that, along with the large interparticle forces (liaison and cohe-
sion forces), they have caused the bed to remain packaged. This process
resulted in the formation of nets that have moved up in a plug flow as
the superficial air velocity increased up to a certain value. Even using
higher air velocities and a certain amount of external energy to break
the cohesive forces, it was not enough to break these nets to favor the
fluidization. The entire bed moved as a single particle. At a certain
point, the particles started reorganizing, joining, and interlacing again,
making the fluidization impossible to occur. In Fig. 2, the main pro-
blems that prevented the fluidization in this size range are displayed.

Fig. 2 shows the main difficulties presented during the experiments
of fluidizing the particles of sugarcane bagasse with characteristic
diameters in the range of 0.885-9.5 mm. The main reasons for the
fluidization problems are due to the fact that the fluidizing gas produces
electrostatic charges and interlacement between the particles that cause
the formation of preferential channels and larger interparticle forces. In
addition to that, the complex geometric shapes and the large ratio of
diameter length in the particles, and the low apparent density may
cause the leakage of gas thorough the created spaces (high porosity); an
increase in the air flow causes the appearance of a plug flow (slugging),
moving the particles in compact blocks. This behavior has been similar
to the one reported by Reina et al. [1], who have used wood particles
with low density, and to the one found in the study by Zhong et al. [2],
who have used particles of corn and cotton stalk. It is also important to
highlight that, for the sugarcane bagasse in its natural form (d, =
0.722 mm), the same problems previously described have been ob-
served in the diameter range of 0.88-9.5 mm, so it has not been possible
to fluidize them.

Bagasse particles with characteristic diameters between 0.075 and
0.44 mm, classified by Geldart as Group A, have had a good fluid-dy-
namic behavior (Fig. 3). In Fig. 4, the determination of the V, for
particles with an average diameter of 0.225 mm is shown. The Vs value
has been determined through the application of the graphical method,
in which the slope of the intercept of the fixed bed with the horizontal
line of the constant pressure drop is taken as measurement for the V5
in this case, the value has been 0.055 = 0.002 m/s. It is possible to see
that the slope 1, before the V¢ = 0.055 m/s, is relatively higher than
the second slope, after the V;,, = 0.055 m/s. This indicates that the
cohesive forces that keep some particles together begin to expand and
break when the gas velocity is increased up to a certain value because

0.88 mm

1.77 mm 3.55 mm
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the impact of the gravitational force is weak, due to the low density of
the particles. The bed has easily fluidized with a ratio of V.¢/Vys =2. In
this case, the value of the complete fluidization velocity has been
0.093 = 0.0049 m/s.

The fluid-dynamic behavior observed differs completely from the
behavior shown by more conventional particles, which present a high
apparent density and a sphericity near 1. During the first step in the
opening of the valve, it is observed a significant expansion of the bed
with the appearance of small preferential channels located in the lower
part of the bed near the region of the tuyeres, where the air was in-
jected. An increase in the superficial velocity of air provokes the ap-
pearance of the first bubbles, and the channels are expanded up to the
surface of the bed, where a very small line is observed with a small
quantity of fluidized particles, keeping the rest idle in the bottom of the
bed, which is responsible for the trough in the pressure drop curve.

With the increase in the superficial velocity of the gas, the pressure
drop in the bed is also increased, causing an enlargement in the flow
and in the bubble frequency, which coalesce, growing in size, as they go
up the bed and enter the bubbling regime. The bubble has a small size
next to the distributor region, but, on its ascending path through the
bed, it grows and drags particles in its wake, breaking the interparticle
forces (liaison and cohesion forces) through interaction and collisions.
The biomass tends to detach itself from the wake created by the upward
movement, entering a regime of fluidization when the pressure drop
remains almost constant, defining the state where the whole bed is
fluidized. This behavior is similar to the one reported by Zhang et al.
[5], who have used particles of cotton stalk with a cylindric shape;
however, it differs from the study reported by Reina et al. [1], who have
used wood particles of different types, where the appearance of a
slugging regime tends to arise after the appearance of the preferential
channels in the bed; a similar behavior has been reported by Clarke
et al. [37] in their study with sawdust particles.

Table 4 shows that the tendency of the minimum fluidization ve-
locities increases along with the average diameter of the particles. This
may happen since the bagasse is a biomass with a low density, mainly
composed by fibrous particles with a high tendency to bridging;
therefore, a diameter increase enlarges the aspect ratio (length/dia-
meter), which has an adverse effect on fluidization, making it necessary
to have higher superficial air velocities to fluidize particles with bigger
diameters. This fact is in agreement with the results reported by Zhong
et al. [2], who have used different biomasses, such as cotton stalk and
corn stalk, with physical properties similar to bagasse's.

The results of the prediction of the minimum fluidization velocity
using different existent correlations in literature are shown in Table 5
and Fig. 5 respectively. From Table 5, it can be said that the correlation
reported by Wen and Yu [6] and Reina et al. [1] similarly predicts the
Vs> generally underestimating this parameter in more than 50% for the
whole range of studied particle diameters, not being suitable for par-
ticles with sphericity in the range between 0.3 and 0.5. The correlation
of Babu et al. [8] provides the best prediction for particles with a
characteristic diameter of 0.445 mm, with a relative error of 7.46%,
followed by correlations [15] 28.6% and [33] 34.7%, respectively. The

Fig. 2. Main problems in fluidization of particles of su-
garcane bagasse.

9.5 mm
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Fig. 4. Pressure drop vs gas velocity for a bed height of 200 mm.
Table 4
Experiment of the minimum and complete fluidization velocities.
d, (um) 445 225 75
Ving (cm/s) 7.2 = 0.56 5.5 = 0.21 45 = 0.35
Vye (cm/s) 16 = 0.35 9.3 = 0.49 7.0 = 0.22
Remy (exp) 1.99 0.77 0.21
Ar 1502 209 8.37
AP (exp) (Pa) 145 160 162

Table 5
Comparation of experimental results of Vs with the prediction of several existing cor-
relations.

Author RE (Viy %) =f(d, (mm))
0.445 0.225 0.075

Ergun [30] +77.4 +50.9 —-85.5
Wen and Yu [6] —55.1 —83.6 -97.8
Reina et al. [1] —65.3 -87.4 -97.1
Paudel and Feng [15] +28.6 -52.0 -93.1
Kozanoglu et al. [33] —34.7 -76.0 —94.5
Babu et al. [8] —7.46 —65.4 —94.8

(+) percentage above of the experimental value (—) percentage below of the experi-
mental value.

rest of the correlations report errors above 45% for this size range, with
bigger errors insofar as the diameter decreases. None of the correlations
attain to predict adequately the minimum fluidization velocity for very
small particles (0.075 mm), being the errors reported above 85% of the
experimental value.

In Fig. 5, the equation offered by Ergun [30] has a tendency to
underestimate the V,, value for very small particles (0.075 mm);
nevertheless, for particles with diameters = 0.225 mm, this parameter
tends to be overestimated since the huge amount of the errors (77%)
insofar increases the diameter. The behavior shown by the reported
equations [1,6,8,33] generally underestimates the V,, value. The ten-
dency of all the equations is very similar since they have all been
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Fig. 3. Fluidization behavior of sugar cane bagasse ob-
served in the experiment.
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Fig. 5. Theoretical and experimental V,, for sugarcane bagasse.

obtained by modifying Ergun's equation. However, the equation re-
ported by Paudel and Feng [15], also obtained from Ergun's equation,
has a tendency to overestimate in 28% the V,, value for particles with
0.445 mm of average diameter. Bearing in mind that this equation has
been developed specifically for biomass particles (walnut shell, corn
stalk), in the case of bagasse, the minimum fluidized velocity cannot be
adequately predicted in the size range in which it has been analyzed.

The differences found between calculated values through the cor-
relations existing in literature and through experimental values can be
explained by the fact that most of these correlations have been devel-
oped from particles of mineral origin, with well-known geometries and
specific operation parameters (range of well-defined size, sphericity,
and bed porosity), where the effect of interparticle forces that play an
important role in fluidization has not been considered. Therefore, the
simulated results are not close to reality if these correlations are tested
in particles with extreme forms, various sizes, with a high percentage of
fine particles and low densities, that promote bridging and interlace-
ment, as in the case of the sugarcane bagasse particles. In the case of
correlations specifically developed for biomass particles [1,15,33],
differences can be motivated due to the fact that these models have
been obtained for a specific diameter range, using biomass particles
with properties that are very different from the ones found in sugarcane
bagasse, such as density, sphericity, and aspect relation, factors that can
directly influence the porosity of the bed and, consequently, interfere
with determining the minimum fluidization velocity (Vins).

With the analysis of the experimental results, it has been possible to
develop two mathematical models for the determination of (Vi) and
(V) of the sugarcane bagasse particles, according to equations (14) and
(15). These models have been obtained through a series of adjustments
by a non-linear regression, which allowed the determination of such
parameters as a function of particle diameter, with a correlation factor
of R? = 0.997 for a minimum fluidization, and R®> = 0.99 for the
complete fluidization respectively (Fig. 6).
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The biomass particles, in most of the cases, show very different
physical characteristic from more conventional particles that undergo
chemical, mineral, and pharmacological operations in their extreme
forms (e.g. long and thin, as with stems or fiber with peculiar shapes,
sizes, and densities) [38]. There have been just a few studies carried out
to try to understand the fluid-dynamic mechanisms of the biomass
particles. Fig. 7 shows the behavior of the fluid-dynamic mechanisms of
the biomass particles, which almost follows a linear behavior, in-
creasing (V) as its characteristic diameter increases; in the study by
Cardoso et al. [39], who have used sweet sorghum bagasse particles,
this behavior has been different, being observed a decreasing (V). In
spite of the fact that, in this study, the particles of biomass have been
mixed with sand particles, the expected tendency would be an in-
creasing (Vi,s) with the growth of the particles' diameter [2] [40]. The
authors consider that this behavior is due to the high irregularity, the
low aspect ratio, and the sphericity of the particles of this type of
biomass.

This makes evident that there is not a well-defined fluidization
pattern of biomass particles, which is influenced by the properties of
each type of particles used in each case; for this reason, the models
developed to determine (V) for certain types of biomass particles do
not necessarily have to describe the real fluid-dynamic behavior of
other types of particles, since they will strongly depend on the specific
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properties of these particles and on the operation conditions under
which they have been obtained.

The aforementioned proposed models are valid for a narrow particle
size range (0 < dp < 0.445) fluidizing in deep beds (Hf = 200 mm),
with a distributor plate with tuyeres. Therefore, if other conditions are
to be used, there must be a lot of care. However, if it is to have an idea
of the physical magnitude of V,,;, these models are more convenient
than previous correlations reported in the literature, with a maximum
relative error of 6% for V,,; and 16% for V. respectively, for sugarcane
bagasse particles in the already studied diameter range.

In spite of the fact that bagasse “in nature” is not able to be fluidized
by itself, due to a wide granulometric distribution and to physical
properties with extreme low density and sphericity that it presents, as
well as the high tendency to bridge and interlace particles, forming a
kind of network with big voids that increase the porosity of the bed, it is
possible to use it in fluidized bed systems without the addition of an
inert material, diminishing its size or granulometry to an adequate
range, as demonstrated in this study.

4. Conclusions

Minimum fluidization velocity of sugarcane bagasse in the natural
form (in natura) and for different characteristic particles diameter have
been determined experimentally.

Experimental data of minimum fluidization velocities showed that
particles in the range of diameters between (0.88 mm < dp < 9.5 mm),
with a long length/diameter relation are not fluidizable. Even by pro-
viding a certain amount of external energy to break the cohesive forces
present in this type of particles, with extreme forms, (long and thin with
low density and sphericity), no fluidization could be achieved. The
same result has been obtained for sugarcane bagasse “in natura”,
composed for all sieve fractions and with mean diameter of 0.722 mm,
due to interlacing between the particles that cause the formation of
preferential channels and larger interparticle forces, which causes that
it is not possible fluidize it also. In the range of fluidizable particles
(0 < dp < 0.445 mm), a tendency was observed to increase the
minimum fluidization velocity with the increase of the characteristic
particle diameter.

The bulk density, the sphericity and the porosity are three para-
meters that influence in the fluidization quality. A high bulk density
favors fluidization, meanwhile a high porosity has a negative effect. The
using of models reported in the specialized literature for determination
of the minimum fluidization velocity, have shown long deviations from
the system under study, generally underestimating this parameter.
Which corroborates a great dependence to the specific properties of the
particles and of the operating conditions in which they models have
been obtained. Two new correlations were development to determine
(Vi) and (Vg), which reasonably describe the behavior of such

0.4 0.4 Fig. 7. Fluidization behavior of different biomass
—a— Cardoso et al [39] particles.
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parameters when they are compared to experimental results, with a
maximum relative error of 6% for Vs and 16% for Vg, respectively.
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