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Abstract: This work studies a fluidization system through cold experiments by using a mixture of
rice husk and sand to investigate three parameters: type of bed distributor (perforated plate and plate
with Tuyere-type injectors), sand granulometry (mean diameters of 324 pm and 647 pm) and rice
husk mass ratio (from 1% to 10% of rice husk). The results reveal that the perforated distributor plate
achieved a lower minimum fluidization velocity. However, the plate with Tuyere injectors generated
better mixing, thus reducing possible stagnation points. An increase in the mean diameter of the sand
raises the minimum fluidization velocity but also facilitates the formation of preferential channels.
As for the rice husk mass ratio, values of over 5% cause stagnation points and preferential channels.
It was also found that the relation between minimum fluidization velocity and rice husk ratio follows
an exponential behavior, and an equation was developed to better describe their relation.
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1. Introduction

It is well known that fossil fuel combustion results in greenhouse gas (GHG) emissions,
which cause serious environmental problems. Furthermore, fossil fuels are non-renewable
energy sources, and even though there is still a considerable amount available, they will
eventually be depleted. In addition, it is predicted that energy demand by 2040 could
increase by 30% (IEA) [1]. All these facts evidence that investing in renewable energy is
becoming increasingly needed, and not just an alternative.

One of the renewable energy sources having insurmountable potential is biomass, a
term used to reference any type of organic matter with accumulated chemical energy from
recent photosynthesis. Examples of such are not only plants but also animals and feces,
and although carbon is released into the atmosphere by burning biomass, carbon is also
absorbed once photosynthesis is performed, which results in a relatively carbon-neutral
cycle [2].

One might argue that some biomasses take far too much space to be cultivated;
therefore, such large areas could be used for agricultural purposes and livestock raising,
as these large areas are only available in a few countries. One way of minimizing this
problem is using the resulting residues from these activities as sources of energy. If organic
matter is discarded in the open, it will be decomposed into methane (CHy4) and nitrous
oxide (N7O), and these gases are partially responsible for the GHG effect and causing acid
rain, respectively [3]. Furthermore, CH4 has Global Warming Potential, which is 25 times
more powerful than carbon dioxide (CO,) [4,5]. Therefore, burning these residues in a
well-controlled environment, thereby reducing or eliminating the emission of NOx and
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other types of pollutants, could prove less harmful than discarding them and letting them
decompose in the environment.

Among different types of biomass, rice husk has great untapped potential, since it is
often discarded and is usually burned in the open, given that leaving it to accumulate on
the land is not beneficial to soil quality [6]. Over 700 MT (million tonnes) of rice is produced
annually worldwide [7], and 14 to 33 wt% of such production is composed of rice husk.
Therefore, if the energy stored in the rice husk were used as a heat source in a combined
cycle, it would allow not only a reduction in negative environmental impacts caused by
their decomposition, but also produce energy [6].

Considering the various types of technologies currently available for biomass combus-
tion, a fluidized bed reactor is considered one of the most advantageous on account of its
fuel flexibility, low environmental impact, ease of control and high combustion efficiency [8].
A bubbling fluidized bed reactor is particularly more efficient in transferring heat, as it
requires less energy and has less abrasion compared to circulating bed reactors [9].

Fluidization serves as the fundamental principle behind the operation of a fluidized
bed reactor. It entails the movement of a fluid in the opposite direction of gravity through
a cluster of solid particles. If fluid flow is sufficiently high, the drag force generated by
the fluid reaches equilibrium with the opposing force of gravity. This results in granular
material suspension, thus allowing it to move freely and exhibit a similar behavior to that
of a fluid. Such a phenomenon has led to coining the term “fluidization” [10,11].

Geldart [12] observed that the behavior of a fluidized bed reactor varies, based on a
few factors such as particle density, the fluidizing agent properties and the size of the solid
particles. As air is introduced into a fluidized bed reactor containing rice husk, it can lead
to the formation of preferential channels on its bed, in addition to resulting in the creation
of multiple stagnation points, which can, in turn, impede the fluidization process. This is
one of the explanations for the fact that rice husk is typically mixed with chemically inert
materials, e.g., sand, to facilitate fluidization processes [13].

Among different and important variables for fluidization, the distributor is accountable
for injecting the fluidizing gas into the reactor. The manner in which this fluidizing gas is
injected affects the fluid dynamics of the bed. In the case of a binary mixture, the level of
segregation between different particles is usually composed of a fuel and a chemically inert
substance, such as sand. This has a direct effect on the efficiency of thermal processes within
a fluidized bed; therefore, distributor design is an important process variable [14-17].

There are several types of distributors, as reported by Shukrie [16]. There is a wide
range of simpler models, such as a perforated plate, in addition to more complex ones
including the multi-vortex plate [18,19] or the annular spiral air distributor [15,20].

Although some authors compare the effects of two different distributors [21], there is
little data on how different types of distributors affect the segregation process on a binary
mixture in the literature, especially concerning biomass. Lundberg et al. [17] researched
the influence of a mixture on a fluidized bed; nonetheless, their findings were focused on
wood pellets and the material used in their cold unit, which was a transparent cylindrical
pill capsule, not actual biomass.

Therefore, this work is focused on evaluating the influence of three variables (type
of distributor, inert particle size and rice husk ratio) on the mixture level of rice husk and
sand in a fluidized bed.

It is expected that cold fluidization experiments might improve numerical simulations
and fluid dynamics understanding of the fluidized bed. It can help in making better
decisions when building a fluidized bed for rice husk thermochemical conversion.

2. Materials and Methods
2.1. Preparation of Solid Particles to Be Used in Experiments

Rice husk was kindly provided by producers residing in the city of Guaratinguetd, the
Paraiba do Sul Valley region, State of Sao Paulo, Southeast Brazil. Considering that rice
husk and sand have similar colors, the rice husk was dyed in indigo for better contrast and
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visualization in experiments. The dying process consisted of dipping rice husk in an indigo
printer ink, which was then dried in a muffle for 12 h at 105 °C. Because of the natural
yellowish color of the rice husk, when it was mixed with indigo ink, the rice husk acquired
a color that resembles green.

Its color was the only property that effectively changed, while other properties such
as volume, density and geometry remained the same as those in their raw form.

Construction sand from Ribeirao Preto, Sao Paulo, Brazil, was used as inert material
in the cold fluidization. The sand was conditioned using ASTM (mesh) sieves, resulting in
two different particle sizes for the experiments: 500-150 pm and 850-500 pm.

2.2. Experimental Setup for Cold Fluidization Experiments

The system used to conduct the cold fluidization experiments is shown in Figure 1.
An atmospheric bubbling fluidized bed was designed by the LC3 research group. The
system is composed of an acrylic fluidized bed, and a radial compressor (an Ibram CR8
with 7.5 hp), which can reach a maximum flow of 8 m?3/min and 39.2 kPa of maximum
manometric pressure. Flow measurements were performed using an orifice plate with an
orifice diameter of 16.93 mm, and pressure measurements were collected before (pressure
tap 1) and after (pressure tap 2) the orifice plate experiments. Pressures were obtained
from pressure taps 1, 2, 3A and 3B, depicted in Figure 1. All the pressure measurements,
including the ones used for flow calculations, were carried out using an Arduino Due
(Arduino, Italy) system integrated with BMP280 Bosch sensors (Bosch, Germany) designed
by the authors specifically for measuring pressure variations in fluidized bed reactors. The
software used was designed specifically for such a purpose.
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Distributor
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Figure 1. Experimental Setup for cold fluidization experiments.

Pressure taps 3A and 3B were named as such due to the fact they were never used
simultaneously in these experiments. Pressure tap 3A was used to characterize gas distrib-
utors, while pressure tap 3B was used in all the remaining experiments.

The fluidized bed was 156 mm in internal diameter and 650 mm in height, with two
types of distributors, a perforated plate and a Tuyere injector plate.

2.3. Characterization of Solid Particles

The actual density, p,,, of the solids was calculated by dividing the particle mass by its
volume. However, it is impractical to measure the mass and volume of one single particle,
especially considering the small size of particles used in experiments, as well as their
heterogenicity in shape and size. Therefore, particle density was calculated by measuring
the mass, mp, of a set amount of particles and dividing it by the sum of all the volumes, V),
of particles, as in Equation (1).

Mp

Pp = v, @
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The bulk density of solids was also calculated, according to Equation (2). The difference
from particle density is apparent volume, Va, which considers the volume of particles and
the spaces between them. It is derived by pouring the sample into a graduated measuring
cylinder of set volume and mass. The cylinder is then weighed and the mass, my,, of the
solid sample is calculated by subtracting the mass in the cylinder from the total mass.

m
p
—_P 2
Pa = @)
The voidage, ¢, of particles was calculated using Equation (3), based on the particle
and bulk densities. It represents the percentage of space between particles in untapped
apparent volume, V,.
e=1—"Pa 3)
Pmp

A classification of the types of particles for fluidization was made according to Gel-
dart [12]. The particle size distribution of the sand was defined using ASTM sieves based
on the methods proposed by Kunii, Levenspiel [10] and Werther [22], using Equation (4).
dmq is the mean diameter of particles, Xg; is the mass fraction of each granulometric range,
and dg; is the mean diameter between the two sieves through which the mass fraction, Xgy,
was retained.

1

n Xgr
i=1 dg,

4)

dmd =

The sphericity of a particle is an important parameter to be measured in fluidization
systems, especially due to the fact that it affects the behavior of particles. Sphericity is
defined as the ratio between the actual area of a particle and the area of an equivalent
sphere. In this work, a bidimensional equivalent known as roundness was measured using
Equation (5).

4A
R= D ®)

Roundness refers to the ratio between the area, A, of the projected particle and that of
an equivalent circle, considering the greatest size as its diameter, D. Area was calculated
using the software Image] 1.53 K, resulting in the roundness of 987 different rice husks.

2.4. Variables Obtained from the Fluidized Bed Reactor

Minimum fluidization velocity, U ¢, was calculated by generating a profile for pressure
variation, APy, on the fluidized bed, in addition to superficial gas velocity, U,. The mixture
level was also defined in each test by extracting samples at different heights of the fluidized
bed. The height level is defined as a function of the tool used to make extractions, which
is at every 70 mm, except for the first extraction at only 20 mm in height considering the
distributor as the reference.

Bed expansion, §, is a direct relation between the initial bed height before the beginning
of fluidization, H;, and the bed height after the bubbling regime is Hj, at fixed air velocity.
Such a relation is shown in Equation (6).

_H

6Hi

(6)
Mixture level is calculated using Kramer’s equation, shown in Equation (7). If the
mixing index is M = 1, it is thoroughly mixed, but it is completely segregated if M =0,

2
0;—0

M = @)

2 2
05— 0m
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where oy is the standard deviation of the mass fraction when there is complete segregation,
Om is the standard deviation of the mass fraction when there is complete mixing, and o
is the bed standard deviation given by Equation (8), where X; refers to the mass fraction
of biomass at a given height, the average of heights and the number of layers in the bed
reactor.

o= ni1.zl(xi‘x) ®)

The complete segregation standard deviation (o) and complete mixture standard
deviation (o) are defined using the equations provided by Wel [23], as in Equations (9)
and (10).

0s = Xc(l —Xe) 9)
- mpXe(1—Xe) (10)
Mia

In Equations (9) and (10), X, is defined as the component mass fraction in the mixture,
m;, is the mass of a single particle, and my, is the total amount of mass of samples.

2.5. Experimental Procedure for Cold Fluidization Experiments

Three factors were investigated in cold fluidization experiments: type of distributor
plate (perforated and those with Tuyere injectors), sand particle sizes (150-500 pm and
500-850 um) and rice husk mass ratio (1% to 10%).

The amount of inert material used in all the experiments was set at 4 kg, i.e., the
same value used by Lv et al. [24]. A standard test was carried out on a perforated plate
distributor using sand with an average particle size of 325 um and a 5 wt% ratio of rice
husk mass. Based on this experiment, all three factors mentioned above were changed. The
experiments were repeated twice for each configuration.

All the experiments were conducted with the objective of studying fluidization in
a bubbling regime. For such a purpose, the minimum fluidization velocity, U, was
defined for each experimental condition tested, and then the minimum bubbling veloc-
ity was defined as 1.2 Uy, which was enough to achieve a bubbling regime in every
tested condition.

3. Results and Discussion
3.1. Characterization of Solid Particles

The particle size distributions for both sands having different granulometries are shown
in Figure 2. It was observed that the sand with an average particle size of 647 pm had a
homogeneous distribution, while that having 324 pm did not have a unimodal profile.

The mean diameter of the rice husk considered was the same as that defined in Abdul-
lah; Husain and Yin Pong [25]. Their diameters were used as parameters for classifying
particles according to methods established by Geldart [12]. Therefore, the stage of physical
characterization was performed using the three particulate materials (two types of sand
and one type of rice husk), as presented in Table 1.

Table 1. Properties of particles.

Parameters Rice Husk Sand Sand
(in Natura) 500-150 um 850-500 um
Mean particle diameter (um) 1500 325 675
Particle density (kg/ m?) 500 2552 2789
Bulk density (kg/m?) 106 1417 1238
Voidage 0.788 0.445 0.556
Particle classification Grupo D Grupo B Grupo B

Roundness 0.2351 NA NA
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Figure 2. Mean diameter distribution for (a) coarse sand and (b) fine sand particles.

The chemical composition of the sands and rice husks is described in Table 2. The
mass percentage for each element was calculated through a CHNS elemental analysis.

Table 2. Composition of rice husks and sands.

Mass Percentage Raw Rice Rusk Colored Rice Husk Sand Type 1 Sand Type 2

Nitrogen 4.103272279 3.504065196 0.112847798 0.211314867

Carbon 39.64381027 39.66638438 0.250219668 0.251203055
Hydrogen 3.456349452 3.447997014 0 0
Sulfur 0 0 0 0

3.2. Influence of the Type of Distributor on Cold Fluidization

Tests were carried out to develop a bed pressure drop profile as a function of the
bed fluidizing gas velocity. Thus, the minimum fluidization speed was obtained using a
graphical method, as in other works such as Pécora et al. [26] and Lv et al. [24]. However,
it is worth mentioning that although these works have defined U, only through a flu-
idization process, there are works such as those performed by Rao and Bheemarasetti [27]
and Qiaoqun et al. [13] who define this speed by performing a defluidization of particulate
material. Each figure shows pressure drop profiles as a function of gas surface velocity and
two fluidization and defluidization curves, thus representing the duplicate tests for each
configuration of factors investigated.

Figures 3 and 4 show the bed profiles obtained for the two types of gas distributor
plates used herein. Their profiles were obtained from the pressure tap located downstream
of the distributor plate, which means that the pressure drop of the plates is not taken into
account. It is also worth emphasizing that particle size and biomass ratio were unchanged,
but were kept in a range of 500-150 um and rice husk mass ratio of 5 wt%.

Both profiles present a hysteretic behavior, as the pressure profile with increased gas
velocity (fluidization) is different from that found for flow reduction (defluidization). Their
profiles are similar, although a small pressure drop close to minimum fluidization velocity
is perceived for the plates with Tuyere-type injectors.

This might be due to the binary characteristic of the mixture. Although the material
had been mixed beforehand, i.e., before being placed onto the bed, there might still be some
segregation. Therefore, the gas can have enough force to push and move the material in the
bed at higher flows, thus balancing gravitational and drag forces.
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Figure 3. Determination of minimum fluidization velocity for a mixture of 5 wt% rice husk and sand
using a perforated plate as distributor and sand mean diameter of 324 pum.
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Figure 4. Determination of minimum fluidization velocity of a mixture of 5 wt% rice husk and sand
with Tuyere injector plates as distributors and sand mean diameter of 324 um.

As air velocity is reduced, the husks tend to become stationary and accumulate to the
point where preferential channels are formed. At that point, air passes right through them,
and the pressure drop in the bed is reduced, thus causing such a sudden pressure change.

Minimum fluidization velocity is indicated where the green lines intersect in
Figures 3 and 4. Average velocity was calculated for the perforated plate at Up,¢ = 0.176 m/s
and Uy = 0.233 m/s for the plate with Tuyere injectors. This indicates that the way the air
is injected into the bed can change the velocity at which the material is fluidized, at least as
far as rice husk is concerned.

However, studies aiming to estimate minimum fluidization velocity [28-30] usually
disregard the distributor plate in their equations. Therefore, this factor must be more
extensively studied and, if the estimates are accurate, they should be included in minimum
fluidization velocity predictive equations.

Considering only these velocities obtained, it is possible to state that the perforated
plate is more advantageous, since it fluidizes at a lower speed compared to that with Tuyere
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injectors, in addition to requiring a smaller amount of energy and prolonging bed lifespan,
since lower speeds generate less wear.

In the case of bed expansion (8), the two types of plate had very similar mean values,
i.e., 1.20 for the perforated plate and 1.18 for the injector. These values reveal that the type
of distributor plate does not affect the particulate material expansion in the bed.

Furthermore, mixing indexes were calculated, and a value of 93.4% (between 92.5%
and 95.4%) was found for the perforated plate and 97.6% (between 96.3% and 98.9%) for
the plate with Tuyeres. Both plates showed a high mixing index, although the Tuyeres plate
achieved better results.

During the fluidization experiments, it was noticed that for the perforated plate, there
were several stagnation points and preferential channels, as indicated by red squares in
Figure 5. These regions grew until they became very large and broke off afterward; therefore,
such a cycle was repeated consecutively. However, this effect was not observed in the plate
with Tuyere injectors, which means that a parallel injection of air from the Tuyeres probably
contributes to a better fluidization of rice husk, thus avoiding husk agglomerations.

(a) (b)

Figure 5. Fluidization of a mixture of 5 wt% rice husk (green) and sand (324 um) with (a) perforated

distributor and (b) Tuyere injector distributor. Stagnation regions highlighted by the red boxes.

Therefore, although the perforated plate has a lower minimum fluidization velocity,
which reduces the required energy and material wear, the plate with injectors presented
better mixing, thus eliminating stagnation points and reducing encrustation and possible
downtimes while using fluidized bed reactors.

3.3. Influence of Sand Granulometry in Fluidization

Two particle sizes were tested, with mean diameters of 324 um (500-150 pm) and
647 um (850-500 pum). The pressure drop profile for the 647 um is shown in Figure 6. The
fluidization process at 324 um is shown in Figure 3. In both cases, the distributor used a
perforated plate with 5 wt% of rice husk.

It is worth mentioning that a pressure drop close to 1000 Pa was found for sand whose
particle size was 647 pm, which is very similar to that of the 324 um. However, the average
minimum fluidization velocity was 0.363 m/s, i.e., nearly twice as much if compared to
that obtained for the sand with a particle size of 324 pm (0.176 m/s). Such a result indicates
a behavior resembling a proportional relationship between minimum fluidization velocity
and average particle diameter, despite the fact that 5% of rice husk was added to the bed.
A similar relationship between U,,s and mean particle diameter was found by Rao and
Bheemarasetti [27].
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Figure 6. Determination of minimum fluidization velocity for a mixture of 5 wt% rice husk and sand
with a perforated plate as distributor and sand mean diameter of 647 um.

However, several preferential channels were created by setting the velocity to 1.2 Uy,
and, after a few minutes, fluidization was stopped completely. As shown in Figure 7b, the
formed preferential channels are indicated by red rectangles.

(a)

Figure 7. Fluidization of a mixture of 5 wt% rice husk (green) and sand with a perforated plate as
distributor for 2 different mean diameters of sand: (a) 324 um and (b) 647 um. Stagnation regions
highlighted by the red boxes.

These results show that an increase in the particle size of sand, at least when mixed
with rice husk, impairs fluidization and facilitates the formation of preferential channels,
while smaller sand particles considerably reduce such an effect, thus leading to a better
fluidization process.

Furthermore, these results indicate that increased granulometry in the fluidization of
rice husks not only requires more energy from the compressor due to higher minimum flu-
idization velocity, but it might also impair fluidization through the formation of preferential
channels, in addition to leading to a nearly complete stop.
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3.4. Influence of Rice Husk Mass Ratio in Fluidization

Air velocity pressure drop profiles were constructed so as to enable a determination
of minimum fluidization velocity, as the mass proportions of rice husk start varying at
1% (40 g), i.e., starting from 1% to 10% (40 g to 400 g) of rice husk. The sand used in the
experiments described in this section has mean diameters of 324 um.

Since several obtained profiles present a similar behavior, only the lowest and high-
est values are presented in this section to illustrate the bed behavior as the rice husk
ratio increases.

Figure 8a depicts the profile of a mixture with 1 wt% of rice husk. Fluidization
occurs in a rather stable manner, given that it was quite simple to determine minimum
fluidization velocity (Uy,¢) with practically equal values. The profiles for both fluidization
and defluidization had similar behavior between duplicates.
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Figure 8. Mixture of 1 wt% rice husk and sand (324 um) with a perforated plate: (a) minimum
fluidization velocity determination; (b) fluidization of the mixture of rice husk (green) and sand.

Figure 8b also reveals that rice husk (in green) is well distributed, without apparently
accumulating along any region of the bed. This behavior remains throughout the fluidiza-
tion process, even at higher velocities, as it turns into a slugging or turbulent regime. This is
not the case when rice rusk ratios are close to 5 wt%, and it is possible to identify stagnation

regions where the mixing level is not as good as in the rest of the bed, as aforementioned
and shown in Figure 9.
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Figure 9. Mixture of 10 wt% rice husk and sand (324 um) with a perforated plate: (a) minimum
fluidization velocity determination; (b) fluidization of the mixture of rice husk (green) and sand.
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In Figure 9a, it is possible to observe that, at 10 wt% of rice husk, the fluidization
profile is even less regular, as there is a sudden pressure drop at around 0.32 m/s, which is
similar to that observed at 6 wt% or so. During the fluidization process, there is an increase
in gas velocity, and several preferential channels are formed before reaching a point at
which these channels are “destroyed”, thus leading to a sudden pressure drop in the bed.
Thenceforth, the opposite effect occurs for the defluidization curve.

At 10 wt%, fluidization quality dropped considerably, and there is great stagnation in
much of the bed. The region in which there was greater movement of particulate matter
was in the upper part of the bed, close to the freeboard region, as can be seen in Figure 9b.

Based on all the fluidization curves obtained, it was possible to establish a relationship
between the rice husk ratio and minimum fluidization velocity, which is shown in Figure 10.
Moreover, it is possible to evaluate that minimum fluidization velocity increases, as there is
apparently exponential behavior. Equation (11) was written for this curve, where Uy is
the minimum fluidization velocity in m/s, and X is the rice husk ratio in wt%.

Xc

Uy = 0.05609e 736555 + 0.03127 (11)
0
i o
E 04 o
2
(5]
o
(V]
> 03
c
=l o
©
N
S
2 072
E [m]
£
§ 0.1 D/
7 T 5 g TO T2

Rice Husk Proportion (% mass)

Figure 10. Rice husk wt% x minimum fluidization velocity. The blue line represents the exponential
behavior described by Equation (11).

Qiaoqun et al. [13] found a greater relationship between the rice husk ratio and
minimum fluidization velocity, which is similar to what has been found herein. However,
the relationship found by Qiaoqun et al. [13] presents apparently linear behavior, while
that found herein is closer to an exponential behavior, as observed in Figure 10.

In such a case, this difference might be due to the small number of rice husk ratios
tested by Qiaoqun et al. [13], who evaluated only three different values for the two sand
particle sizes selected. This might have concealed the exponential behavior of rice husk
ratio changes.

Considering all the minimum fluidization tests, it was decided to measure the level of
mixing and bed expansion at ratios of 1% and 5%, respectively. These values were selected
given that it would be a very small amount of husk capable of being assessed by sampling
below 1%, but fluidization quality drops considerably above 5%, with several stagnation
points and difficulty in defining minimal fluidization velocity more precisely.

The calculated mixing level for 1% husk was 98.9% (between 98.7% and 99.1%) and
bed expansion of 1.055. At 5%, the mixing level was reduced to 93.4%, and expansion
increased to 1.205. This indicates that a lower proportion of rice husk would generate a
more homogeneous mixture on the bed, which would, in turn, reduce its expansion. The
formation of preferential channels indicates a possible bed segregation.
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Therefore, based on all the data obtained, it was found that higher rice husk ratios in
fluidized beds lead to an increase in minimum fluidization velocity and bed expansion. This
results in a more costly system, having higher energy requirements for radial compressors
in addition to the requirement of a better fluidization system able to withstand such expan-
sion. Moreover, there is greater segregation and a larger number of preferential channels
with greater amounts of husk, thus resulting in a less homogeneous thermal profile and
lower efficiency.

Values above 5 wt% for raw rice husk on a bed are not recommended under the
conditions considered above due to low fluidization quality. Optimal values quite possibly
range between 1 wt% and 5 wt%. However, an economic analysis would be necessary,
given the high price of thermal energy that the bed would produce, as well as its efficiency,
not to mention the further energy required to fluidize a greater ratio of rice husks.

3.5. Comparison of Results Achieved in Cold Fluidization

All the results reached through the cold fluidization of rice husk are shown in Table 3.
The setup with the highest mixing index was found for the perforated plate, with 324 um
sand and 1% rice husk at 98.6%, which reduces possible problems of incrustation and
downtime in fluidization systems. This greater homogeneity also increases the thermal
efficiency of the bed.

Table 3. Results of cold fluidization experiments.

Type of Granulometry of Rice Husk Minimum Fluidization . .
Dis}tlgbutor the Sand (:I)III) Proportion (%) Velocity (m/s) Bed Expansion  Mixture Level

Tuyere 324 5 0.233 1.18 97.6
Perforated 647 5 0.363 - -
Perforated 324 1 0.115 1.06 98.6
Perforated 324 2 0.120 - -
Perforated 324 3 0.140 - -
Perforated 324 4 0.165 - -
Perforated 324 5 0.176 1.21 93.4
Perforated 324 6 0.274 - -
Perforated 324 7 0.305 - -
Perforated 324 8 0.413 - -
Perforated 324 9 0.455 - -
Perforated 324 10 0.425 - -

Tuyere injector distributors have higher mixing levels than perforated distributors
under the same conditions (97.6% and 93.4%, respectively). Based on the data in Table 3,
a Tuyere injector distributor is capable of having five times more rice husk wt% than
perforated distributors, as almost no efficiency drop is observed in the mixture of particles.
Therefore, the distributor plate with Tuyere injectors would not only have the same benefits
of optimal configuration for the perforated plate (1 wt% and 324 um), but it would also
allow the use of a greater amount of rice husk in the bed. Greater ratios of rice husk would
lead to greater output.

In addition, it is possible to observe that larger particle sizes, as well as increased ratios
of rice husks, compromise fluidization, leading to preferential channels, increased pressure
drop or even system failure.

Considering all three variables studied, the one that affects fluidization quality and
mixing index the most is the rice husk ratio, given that the mixing level was reduced
from 98.6% to 93.4% as the rice husk ratio increased from 1% to 5%. For 10% rice
husk, fluidization was considerably reduced, with several preferential channels and
stagnation points.
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4. Conclusions

This work reported a cold fluidization system assembled to evaluate the influence of
three factors (type of bed distributor, sand granulometry and rice husk mass ratio) on the
fluidization behavior (mixing index, bed expansion and minimum fluidization velocity),
of a mixture of rice husk and sand in the bed. As distributors, a perforated plate and
a plate with Tuyere injectors were used. In the case of sand, mean diameters of 324 pm
(500-150 um) and 647 pm (850-500 pm) were tested, while the rice husk ratio values ranged
from 1% to 10% in the analysis of 10 different ratios.

The obtained results reveal that the perforated distributor plate has a lower minimum
fluidization velocity (Up,¢ = 0.176 m/s) than the plate with Tuyere injectors (U,s = 0.233 m/s),
as less energy is required and less wear is caused in the system on the long run. However, the
plate with Tuyere injectors generated a higher mixing level of 97.6% compared to 93.4%
for the perforated plate, thus eliminating possible stagnation points and increasing the
system’s thermal efficiency, in addition to reducing incrustation problems. Regarding bed
expansion, the values were similar, i.e., 1.18 and 1.21 for the perforated plate and plate with
injectors, respectively.

It was also observed that an increase in the mean diameter of sand at low rice husk
ratios (less than or equal to 5%) increased minimum fluidization velocity in a relatively
linear behavior. Almost doubling the mean diameter from 324 pm to 647 um resulted in
increased and similar ratios in minimum fluidization velocity from Uy, = 0.176 m/s to
Ups = 0.363 m/s. An increase in granulometry also considerably hindered the fluidization
of rice husk, as several preferential paths and bed stoppages were generated, which made
it impossible to determine bed expansion and mixing level.

An increase in the ratio of rice husks also negatively affected fluidization, especially
considering values above 5% and the generation of several preferential paths and bed
stoppages. Minimum fluidization velocities were measured for all 10 ratios, a possible
exponential relationship was found between them, and a resulting equation was deduced.
Considering 1% of rice husk, the mixing level was 98.6% with 1.06 expansion, while the
mixing level was 93.4% and expansion was 1.21 at 5%.

Considering the results achieved in the fluidization experiments, it is worth men-
tioning that they might be different for other types of distributors. These results might
also change when altering the scale of the fluidized bed. Therefore, there should be
further experiments to test both variables, in addition to evaluating their influence on
the bed mixture and minimum fluidization velocity, which are essential to achieve an
efficient system.
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