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Abstract
The present study explores the relevance of the physical properties of biomass particles on the determination of the minimum
fluidization velocity (Umf) of binary mixtures. Fluidization experiments were performed in a cold flow unit with diverse
biomasses mixed with sand in different mass fractions. Gas velocity and pressure drop across the bed were used to determine
Umf. Different correlations reported in the literature were evaluated on their ability to accurately predict Umf of the mixtures.
Results showed satisfactory predictions when appropriately identifying correlations according to the corresponding Geldart
groups for the biomass particles. This perspective opens new possibilities toward the generalization of correlation factors and
helps in improving the accuracy of the prediction for highly heterogeneousmixtures. Themethodology also allows the analysis of
mixtures for which the experimental approach is difficult, such as those including char particle, with the only requirement of
carefully measuring the physical properties of the particles.

Keywords Gas–solid fluidization . Binary mixtures . Minimum fluidization velocity . Residual biomass . Pressure drop
correlations . Geldart classification

1 Introduction

A continuous increase in the renewable power generation ca-
pacity has been observed in the last years. In 2018, nearly
11.4% of the total final energy demand was covered by
bioenergy; however, from this percentage, traditional use of
biomass accounted for 6.9% of the share [1]. This fact, along
with the availability of residual biomass from agriculture, live-
stock, and forestry industries, has boosted the interest to re-
search suitable transformation technologies that can add value
to the productive economic chain and avoid inadequate use
and disposal [2]. Energy use of residual biomass with low

moisture content can satisfactorily be achieved through ther-
mochemical processes (pyrolysis, combustion, gasification)
and reach higher conversion efficiencies compared to physi-
cochemical or biochemical process [3]. Despite the recent
remarkable developments in the field, biomass thermochemi-
cal conversion still has challenges associated with character-
istics of the feedstock, such as poor biological stability, ex-
tremely variable physical properties, ash melting issues, and
comparative low heating values [4, 5].

Fluidized bed reactors for thermochemical conversion of
biomass are a very convenient option, particularly for large-
scale applications. In comparison with the fixed and moving
beds, fluidized beds have higher gas velocities and an in-
creased turbulence, which improves the contact efficiency be-
tween the phases and, therefore, favors the progress of gas–
solid reactions [6]. The fluid-like behavior of the gas–solids
suspension also allows the transport of solids to different sec-
tions of the system, which facilitates continuous processing
[6]. In fact, conversion of solid fossil fuels, forest biomass,
and municipal solid waste has been implemented in bubbling
and circulating fluidized bed reactors, mainly for combustion.
These units have proved technical flexibility and robustness,
high thermal efficiencies, and low and controllable NOX

* Diana Carolina Guío-Pérez
dcguiop@unal.edu.co; carolina.guioperez@chalmers.se

1 Facultad de Ingeniería, Departamento de Ingeniería Mecánica y
Mecatrónica, Grupo de Investigación en Biomasa y Optimización
Térmica de Procesos—BIOT, Universidad Nacional de
Colombia—Sede Bogotá, Carrera 30 No 45A-03 Edificio,
453 Bogotá, Colombia

2 Department of Space, Earth, and Environment, Chalmers University
of Technology, Hörsalsvägen 7B, 412 96 Göteborg, Sweden

Biomass Conversion and Biorefinery (2023) 13:935–951
https://doi.org/10.1007/s13399-020-01189-9

# The Author(s) 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-020-01189-9&domain=pdf
http://orcid.org/0000-0001-6415-1148
mailto:dcguiop@unal.edu.co
mailto:carolina.guioperez@chalmers.se


emissions [7]. The good performance of this kind of systems
strongly depends on the quality of the fluidization and the
proper mixing of the fuel in the bed, which is not always easy
to achieve when biomass is used as fuel.

The use of agro-industrial biomass residues in fluidized
bed reactors entails a number of challenges, and some of them
are related to the highly irregular physical properties of the
particles. This is the case of the minimum fluidization veloc-
ity, which is usually predicted using correlations based on the
theoretical relation between the total pressure drop in the bed
and the non-dimensional numbers Ar and Re. The use of this
method with highly heterogeneous binary mixtures is howev-
er still limited. In the present work, the fluid dynamic behavior
of different types of biomass particles combined in binary
systems with silica sand is studied together with the adequate
measurement of the particle properties. As a result, the signif-
icance of the physical properties of the biomass particles and
their Geldart classification on the selection of the suitable
correlations for the determination of the minimum fluidization
velocity has been revealed. The Geldart classification, first
proposed in 1986 [8], seeks the categorization of particles
according to their general behavior when fluidized.
Although the classification is based on basic properties (den-
sity and size), it incorporates the extent of interparticle inter-
actions in the bed and is the most widespread classification in
the field of fluidized beds. This classification has already been
considered for the study of biomass fluidization (not in a mix-
ture) by several authors [9, 10] and has also been highlighted
as an important aspect to be considered in binary beds [11].

The onset of fluidization and the transition to different flu-
idization regimes is well described for regular beds, that is, a
bed made up of solids with high sphericity, homogeneous
shapes throughout the whole range of sizes, and a normal
monodisperse size distribution. Increasing the fluid velocity
causes the particles to vibrate and move apart until the mini-
mum fluidization velocity Umf is reached. At this point, the
particles are suspended by the upward-flowing fluid due to
two main phenomena: (1) the frictional forces between the
particles and the fluid counterbalance the weight of the bed,
and (2) the vertical component of the compressive forces be-
tween adjacent particles becomes negligible [6]. Further in-
creases in the flow rate beyond the minimum fluidization ve-
locity introduce instabilities in the bed and result in the setting
on of diverse fluidization regimes, depending on the proper-
ties of solids and gas, for example, smooth, bubbling, turbu-
lent, fast, and pneumatic transport [7]. For homogeneous beds,
theoretical equations that accurately predict the behavior of
the bed have been developed. The most important equation
is the one that relates pressure drop to the properties of gas and
solids in a fixed bed, proposed by Ergun in 1952 [12]. This
relation also allows the calculation of the minimum fluidiza-
tion velocity for homogeneous beds.

Unlike coal, biomass particles are very irregular in size and
shape ranging from grains to fibers, hulls, flakes or sticks, and
are usually porous and pliable [13]. A bulk of particles often
have no homogeneous sizes and shapes: size distribution in
biomass is rather flat and bidisperse than monodisperse [14]
and the shape varies throughout the size distribution. All these
features make biomass samples difficult to fluidize; conse-
quently, dealing with biomass as a fuel, especially in fluidized
beds, requires a revision of the common analysis methods. For
such irregular materials, the onset of the fluidization and the
transitions between different fluidization regimes are signifi-
cantly more difficult to predict. In fact, a considerable diver-
gence from the regular behavior is always expectable. On this
regard, besides the superficial gas velocity and the average
physical properties of the gas and the particles, interactions
between the particles and the variation of the physical proper-
ties within the bulk of solids should be considered [14–16].

Using a second, inert and regular material (silica sand or
alumina, for instance) is a usual practice to facilitate the fluid-
ization of highly heterogeneous particles such as biomass. The
bed material helps to reduce the friction forces between parti-
cles during fluidization and regulates the heat transfer inside
the bed [15]. Segregation may occur due to the differences in
particles size and density between the materials [17], even
though binary systems are extensively used in industrial ap-
plications, favoring fluid dynamic performance and conver-
sion. In contrast to homogeneous beds, the minimum fluidi-
zation velocity of widely dispersed, that is, particle size distri-
bution (PSD) different from normal, and heterogeneous (dif-
ferent physical properties, such as density or shape) systems
are described by means of an initial fluidization velocity Uif

and a final fluidization velocity Uff, instead of a single mini-
mum fluidization velocity [18]. Those velocities enable to
define either a minimum fluidization velocity Umf of the mix-
ture or the partial or transient fluidization zone where the bed
self-segregates [19].

Several researches have been conducting studies on the
minimum fluidization velocities for biomass particles in bina-
ry systems [16, 20–28]. Most of them agree on the fact that
there is no available, general correlation in the literature that
accurately predicts experimentally measured Umf for highly
heterogeneous mixtures. In fact, relative errors higher than
20% are commonly reported between experimental and pre-
dicted minimum fluidization velocities [24, 29, 30]. In this
sense, the present work aims to improve the methodology
for the prediction of the minimum fluidization velocity of
binary mixtures using biomass particles, by incorporating
the Geldart classification, and to provide in this way key tech-
nical tools for the accurate design and operation of commer-
cial fluidized bed reactors.

At this point, two remarks should be made regarding the
physical properties of the biomass particles. On the one hand,
the variability and heterogeneity of their physical properties
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(size, density, shape, and porosity) makes their measurement a
very difficult task. Not only measurement methods should be
carefully selected but also the uncertainty of the measure-
ments should not be neglected, considering the relevance of
these properties to the determination of fluid dynamic param-
eters [31]. In particular, size and shape are sensible parameters
for which measurement methods should still be improved [32,
33]. On the other hand, biomass particles suffer a number of
transformations when undergoing a thermochemical process
and the changes in physical properties will also modify the
fluid dynamical behavior of the bed [34]. The parameters of
fluidization for mixtures containing biomass char could also
be analyzed with the methodology presented here.

2 Materials and methods

2.1 Biomass and bed material properties

Oil palm shell, oil palm fiber, oil palm rachis, sugarcane ba-
gasse, sugarcane top, rice husk, coffee husk, and poultry litter
were selected based on their technical energy potential for use
in thermochemical processes in Colombia [35]. The biomass
samples were first dried to reach a moisture content below
15% w/w, using a forced convection oven Binder FD-260.
Afterward, the samples were grinded using a cutting mill
Retsch SM-100 for shell and husk-type particles, and a ham-
mer mill Agico CF420 for fiber-type particles. Fifteen differ-
ent samples of biomass were generated as presented in Fig. 1:
oil palm shell as received (Shell-AR) and ground (Shell-G),
oil palm fiber coarsely (Fiber-CG) and finely (Fiber-FG)
ground, oil palm rachis coarsely (Rachis-CG) and finely
(Rachis-FG) ground, sugarcane bagasse coarsely (Bagasse-
CG) and finely (Bagasse-FG) ground, sugarcane top coarsely
(Top-CG) and finely (Top-FG) ground, rice husk as received
(Rice H-AR) and ground (Rice H-G), coffee husk as received
(Coffee H-AR) and ground (Coffee H-G), and poultry litter as
received (Poultry L-AR).

The physical properties of the samples are summarized in
Table 1. The particle size distribution was measured by siev-
ing with a Ro-Tap Testing Sieve Shaker and a stack from U.S.
Standardized Sieve Series. The mean particle size was calcu-
lated based on weight fractions [7]. The particle density was
measured by pycnometry (UNE-EN-993-1) using liquid par-
affin (density 830 kg/m3). The sphericity was estimated by a
stereo-microscope Nikon SMZ800 and 2D image analysis
methodology [36]. Images of several particles of each sample
were captured from three different planes. Perimeter and area
were measured through ImageJ software and the mean sphe-
ricity of the particles was calculated using Sympatec’s equa-
tion (Eq. 1) [32]. The moisture content was estimated follow-
ing the standard procedure presented in the ASTMD4442 and
the bulk density was measured as described in the ASTM

D2854-09. Finally, particles were classified in the Geldart
diagram as shown in Fig. 2. Apart from particle size, all prop-
erties were measured three times. The dispersion range of the
measurements is also presented in Table 1.

Φp−sympatec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4 π Sp

p
Pe

ð1Þ

The mean particle diameter of the bed material for a gasi-
fication process in a circulating fluidized bed is usually be-
tween 100 and 300 μm [7]. In this work, silica sand with a
mean particle size of 200 μm, bulk density of 1400 kg/m3,
particle density of 2600 kg/m3, and mean sphericity of 0.81
was used as bed material. The Archimedes number calculated
for this material is Ar=542.53. With these properties, the sand
can be classified as type B, according to Geldart (see Fig. 1). It
should be pointed out that in general, the techniques available
today for the determination of physical properties of fine bulk
material have high inherent uncertainties [34]. This is a limi-
tation yet to be overcome in handling of particulate materials.

2.2 Preparation of binary mixtures

Binary mixtures of 3%, 5%, 7%, and 10% in mass (w/w) of
biomass in sand were prepared. Those fractions were pro-
posed in order to match the commonly reported concentra-
tions in the literature (using sand as bed material) [20, 38],
and to keepmost mixtures suitable for fluidization. Depending
on the characteristics of the biomass particles, mixtures with
biomass concentrations beyond 20% in mass are likely to
exhibit segregation and are therefore unsuitable for continuous
operation [20, 22, 38]. Each binary mixture had a total mass of
2000 g; this amount was selected in order to keep a bed aspect
ratio (H/D) at rest close enough to the unity and have a similar
total pressure drop in the bed during fluidization. A constant
aspect ratio at rest enhances the comparability of results since
the wall effect should be similarly relevant for all experiments.
Besides, the irregular flows observed in deep and shallow
beds need to be avoided by approaching the aspect ratio to
one. Given a constant mass for all the experiments, the total
pressure drop should be constant as well, and the pressure
profiles can be compared. For each experiment, the exact
PSDs of both the original biomass sample and bed material
were guaranteed. This means that for each of the 15 biomass
samples, exactly the same PSD was replicated each time the
sample was used, so that for a given sample, the four different
mixtures contain exactly the same PSD of the biomass and the
sand. A total of 52 mixtures were studied. For both oil palm
fiber and oil palm rachis, mixtures of 7% and 10% in mass
(w/w) (both coarsely and ground) could not be tested due to
their low bulk densities and, consequently, excessive volume
fraction in the mixture, which inhibited fluidization.
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Experiments were performed twice for each system in order to
confirm the repeatability of the main observations, that is, bed
expansion and appearance of first bubbles or irregular fluidi-
zation (channels, segregation) are observed at similar gas ve-
locities. If repeatable, the first measurement was analyzed in
detail, if not repeatable, the mixture was removed from the
analysis.

2.3 Experimental facility and procedure

The experimental facility depicted in Fig. 3 was used to test
the fluid dynamic behavior of the mixtures. The unit is com-
posed of a cylindrical fluidization chamber made of acrylic
glass with an internal diameter of 13.5 cm and a height of

67.0 cm, a cyclone to separate elutriated particles, and a fabric
filter for the fine particles. Pressure was measured using dif-
ferential sensors with 0.1 mbar resolution, located at eight
points: one before the distributor plate and seven along the
chamber wall (1 to 7), as indicated in Fig. 3. Compressed air
at room temperature was used as fluidization medium. At
ambient conditions in Bogotá (po = 74.66 kPa and To = 18 °
C), air density and viscosity are 0.8878 kg/m3 and 1.83 ×
10−5 Pa s, respectively. The gas flow rate was regulated using
a rotameter with needle valve Cole-Parmer GZ-32461-60 with
a scale of 10–100 l/min at standard conditions. The distributor
is a flat perforated plate with a free fraction area of 23% and
circular holes of 1 mm in diameter, arranged in a triangular
pattern. Ground strips of copper and a graduated scale were

Fig. 1 Pictures of the biomass
samples after the conditioning
processes: oil palm shell as
received (Shell-AR), oil palm
shell ground (Shell-G), oil palm
fiber coarsely ground (Fiber-CG),
oil palm fiber finely ground
(Fiber-FG), oil palm rachis
coarsely ground (Rachis-CG), oil
palm rachis finely ground
(Rachis-FG), sugarcane bagasse
coarsely ground (Bagasse-CG),
sugarcane bagasse finely ground
(Bagasse-FG), sugarcane top
coarsely ground (Top-CG),
sugarcane top finely ground (Top-
FG), rice husk as received (Rice
H-AR), rice husk ground (Rice H-
G), coffee husk as received
(Coffee H-AR), coffee husk
ground (Coffee H-G), and poultry
litter as received (Poultry L-AR)
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attached to the walls of the chamber to prevent electrostatic
charging and measure the bed expansion during experimenta-
tion, respectively.

An initial pre-fluidization was carried out at the beginning
of each experiment by sharply increasing the fluidization ve-
locity and then cutting off the gas flow. In this way, the pos-
sible preferential packaging of the bed was avoided.
Subsequently, the superficial gas velocity was gradually

increased, a stabilization time was given after each increment
(between 1 and 2 min) before the total pressure drop, and the
bed height was measured. At that point, the observed

Table 1 Physical characteristics of the biomass samples analyzed

Sample Moisture
content

Mean particle
size

Particle size distribution width P10-
P90

Bulk
density

Particle
density

Sphericity Geldart’s particle
type

% μm μm kg/m3 kg/m3 –

Shell-AR 8.8 ± 0.7 2576 1330–7830 595 ± 31 1375 ± 128 0.69 ± 0.15 D

Shell-G 10.6 ± 0.2 1781 1120–3330 707 ± 5 1276 ± 11 0.71 ± 0.13 D

Fiber-CG 10.5 ± 0.2 340 158–3960 43 ± 8 1350 ± 47 0.24 ± 0.05 B

Fiber-FG 13.7 ± 0.4 201 87–1090 200 ± 3 1317 ± 45 0.46 ± 0.17 AB

Rachis-CG 9.7 ± 0.1 709 240–8660 35 ± 18 1073 ± 18 0.27 ± 0.08 B

Rachis-FG 10.1 ± 0.2 352 171–1980 98 ± 25 1382 ± 15 0.30 ± 0.17 B

Bagasse-CG 10.2 ± 0.2 888 460–3260 75 ± 25 579 ± 154 0.47 ± 0.22 B

Bagasse-FG 9.9 ± 0.3 545 308–1940 153 ± 7 814 ± 33 0.55 ± 0.26 B

Top-CG 8.1 ± 0.1 912 462–4190 109 ± 17 662 ± 33 0.47 ± 0.17 B

Top-FG 7.5 ± 0.3 623 353–1930 171 ± 15 993 ± 166 0.52 ± 0.17 B

Rice H-AR 11.5 ± 0.2 1040 790–2330 154 ± 8 1093 ± 4 0.36 ± 0.22 BD

Rice H-G 10.8 ± 0.3 395 215–1820 292 ± 4 1277 ± 76 0.42 ± 0.19 B

Coffee
H-AR

6.3 ± 0.3 1580 930–4150 207 ± 15 1283 ± 43 0.42 ± 0.17 D

Coffee H-G 9.5 ± 0.2 1032 689–2860 305 ± 5 1306 ± 88 0.47 ± 0.11 BD

Poultry
L-AR

14.9 ± 0.4 258 117–2970 544 ± 7 1403 ± 74 0.88 ± 0.05 B

The deviation of the measurements shown is calculated based on three equivalent experiments

100 1000
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Shell-G
Fiber-CG

Fiber-FG
Rachis-CG
Rachis-FG
Bagasse-CG
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Fig. 2 Geldart classification for the biomass samples used in the present
work
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Fig. 3 Experimental unit used for the fluid dynamic characterization of
biomass–sand mixtures
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phenomena were reported. Finally, when the maximum
achievable flow rate for the experimental unit was reached,
the experiment was stopped, and the bed was unloaded from
the unit.

3 Theoretical analysis and calculations

The typical fluidization curve exhibited for a regular bulk of
particles is well known and has often been described in the
literature [18, 21]. This curve, briefly presented in Fig. 4, cor-
relates the total pressure drop of the bed (Δp) with the super-
ficial gas velocity (U). A linear steady increment of the pres-
sure drop characterizes the fixed bed state. Beyond a specific
point called the initial fluidization velocity (Uif), the partial
fluidization regime is achieved. This transition lasts until the
final fluidization velocity (Uff) is achieved, then the pressure
drop stabilizes around a specific value. The minimum fluidi-
zation velocity (Umf) is determined as the interception be-
tween the linear projections of the lines for fixed and complete
fluidized states. At this point, all the particles are essentially
supported by the gas stream and the bed voidage corresponds
to the loosest packing of the bed ɛmf. If the gas flow is even-
tually reduced, a gentle tapping of the bed would decrease the
voidage to its stable initial value ɛ0 [37]. A peak in the pres-
sure drop might be observed at the point of minimum fluidi-
zation due to bed pre-compaction and the wall effects. This
phenomenon is usual for homogeneous beds, but not for bi-
nary systems or when handling highly heterogeneous parti-
cles. Once the final fluidization velocity (Uff) is surpassed,
instabilities are likely to appear forming a bubbling fluidiza-
tion regime. Bubbles are formed at the bottom of the bed and
they grow and coalesce while rising axially, to finally burst at
the top of the bed throwing up particles to the freeboard.
Higher gas velocities result in the formation of a turbulent
regime, and as soon as the superficial velocity exceeds the
terminal velocity of the particles (Ut), they are carried out of

the vessel. Then, the pressure drop can either rise, since the
effect of frictional forces grows, or falls, as the mass of parti-
cles in the reactor may decrease. Real operation of fluidized
beds might differ from the behavior presented in Fig. 4 due to
the action of superficial forces not considered in the macro-
scopic analysis or due to significant variations in the charac-
teristics of the particles.

The equation proposed by Ergun [12] and presented in Eq.
(2) expresses the total energy losses in a fixed bed Δp/L, as the
sum of viscous energy losses per unit length (first term in the
right side of Eq. (2)) and the kinetic energy losses (second
term in the right side of Eq. (2)). This equation conveniently
relates the pressure drop through the bed with the physical
properties of the gas and the particles that comprise the sys-
tem. At minimum fluidization velocity (Umf), Eq. (2) can be
arranged as presented in Eq. (3), which can also be written in
terms of Ar and Remf, as shown in Eq. (4). This formulation
predicts outstandingly the onset of fluidization for regular
(isotropic-shaped), homogeneous bulks of not too small par-
ticle size, for which the effect of inter-particle superficial
forces is negligible. For those beds, it is also possible to make
a good estimation of ɛmf and Φp, so thatUmf can be calculated
as proposed by Ergun [12].

Δp
L

¼ 150
1−ɛ0ð Þ2
ɛ03

μ f U

Φpdp
� �2 þ 1:75

1−ɛ0ð Þ
ɛ03

ρ fU
2

Φpdp
ð2Þ

dp3ρ f ρp−ρ f

� �
g

μ f
2

¼ 150 1−ɛmfð Þ
ɛmf

3 Φp
2

dp Umf ρ f

μ f

� �

þ 1:75

ɛmf
3 Φp

dp Umf ρ f

μ f

� �2

ð3Þ

Ar ¼ 150 1−ɛmfð Þ
ɛmf

3Φp
2 Remf þ 1:75

ɛmf
3Φp

Remf
2 ð4Þ

In the case of a bed of irregular particles or for inhomoge-
neous beds, the use of Ergun’s equation is limited due to the
difficulty for accurately measuring both bed voidage at mini-
mum fluidization (ɛmf) and particle sphericity (Φp). To over-
come this difficulty, Wen and Yu [39] identified a simplified
form of Eq. (4), namely Eq. (5), that allows the estimation of
Remf, and therefore Umf, once the two constants C1 and C2 are
given. The constants are a function of ɛmf and Φponly, as
shown in Eq. 6, and should be found experimentally.

Remf ¼ C1
2 þ C2 Ar

	 
0:5−C1 ð5Þ
1

ɛmf
3Φp

¼ C1
1−ɛmfð Þ
ɛmf

3Φp
2 ¼ C2 ð6Þ

The two constants C1 and C2 were first estimated by Wen
and Yu [39]. Even though these values showed to be valid for
many systems, they are far from being general for all beds;

erusserP
pord

, Δ
p

rab
m/

Superficial gas velocity, U / m/s
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Uif Umf Uff Ut

Δpmf

Fig. 4 Usual fluidization curve showing the regime transitions from the
fixed bed up to pneumatic transport

940 Biomass Conv. Bioref. (2023) 13:935–951



therefore, different sets of factors have been proposed by mul-
tiple authors. Some of them are summarized by authors who
studied different types of mixtures, for example, Gupta et al.
[40], Shao et al. [25], Li et al. [41], Fu et al. [28], Karmakar
et al. [26], Proenza et al. [27], and Anantharaman et al. [11].
Most of the constants are deduced based on experiments over
a limited operation range and for a specific group of systems,
for instance, only bagasse, walnut shells, sawdust, or only
mixtures with type A or type B sand. Regardless of the values
of the constants, many studies agree on the suitability of the
methodology and its ability to predict the general trends for
pressure drop and minimum fluidization velocity of binary
mixtures.

For the present work, 21 different sets of correlation factors
(C1 and C2 in Eq. 5) were tested against the experimental
results, and these are listed in the supplementary material.
The most cited sets in the literature and that presented the
lowest relative errors are listed in Table 2.

To evaluate the minimum fluidization using this method,
the mixture is treated as a single component; therefore, the
effective Archimedes (Ar) and the Reynolds (Re) numbers
should be used in Eq. (5). These terms are calculated as in
Eq. (7) and Eq. (8), using an effective particle density and
diameter of the biomass–sand mixture, which can be obtained
from Eq. (9) and Eq. (10), respectively [24]. These equations
consider xb and xs as the weight fraction of sand (s) and bio-
mass (b) in the mixture. It is worth mentioning that this ap-
proach shows the best results when one component is domi-
nant or when the properties of the two types of particles are
very similar [20]. A better agreement is also found for parti-
cles with high sphericity, high bulk density, and low porosity
[29, 42].

Areff ¼ deff 3ρ f ρeff−ρ fð Þ g
μ f

2
ð7Þ

Remf ;eff ¼ deff Umf ρ f

μ f
ð8Þ

1

ρeff
¼ xb

ρb
þ xs

ρs
ð9Þ

deff ¼ dbds
xbρs þ xsρb

xbρsds þ xsρbdb

� �
ð10Þ

Relative errors between experimental and predicted mini-
mum fluidization velocities were calculated for each mixture
and weight fraction in order to analyze them quantitatively.
For the calculation of the relative error in a measurement, the
absolute difference between the experimental and predicted
value of minimum fluidization velocity is divided into the
experimental one. Themean relative error of a group of results
is calculated through the arithmetic average. The SD (σ) of the
data was calculatedwith respect to the correlation of interest in
order to evaluate its suitability.

4 Results and discussion

4.1 Fluidization of the bed material

Figure 5 shows the total pressure drop (left hand axis) and the
height (right hand axis) of a bed of 2000 g of silica sand
(Ar=542.53) against the superficial gas velocity. As expected
for a regular bed of B-type particles (as in the case of the sand),
the fixed bed regime is characterized by a linear increment of
the pressure drop and the subsequent onset of a bubbling re-
gime. From this point, the total pressure drop tends to stabi-
lize; in the present case, the stabilization pressure drop was
15.8 mbar (as indicated in Fig. 5). From the graphical inter-
polation of the pressure drop data from Fig. 5 (as indicated in
Fig. 4), the minimum fluidization velocity should be located at
0.027 m/s; however, the bed height indicates that the expan-
sion of the bed starts already at 0.025 m/s. The minimum
fluidization velocity Umf of the sand for the present study will
therefore be taken as 0.026 m/s (the corresponding Remf

amounts to 0.2527). Below 0.025 m/s, a fixed bed with a
height of about 12.5 cm is observed; thereafter, the higher

Table 2 Values of C1 and C2 to be used in Eq. 5 according to different
authors

Author(s) and reference C1 C2

Wen and Yu [40] 33.70 0.0408

Basu [46] 30.28 0.0460

Grace [44] 27.20 0.0408

Chyangand Huang [45] 33.30 0.0333

Reina et al. [43] 48.00 0.0450
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Fig. 5 Fluidization curve and bed expansion for the silica sand used as
bed material in the experiments
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the air velocity, the higher the bed height is and the more
frequent and larger are the bubbles observed. At an air veloc-
ity of 0.116 m/s, bubbles grow and rise through the bed and
vigorous explosions of large bubbles are observed in the sur-
face. A maximum bed height of 15.5 cm was registered, while
the thrown-up particles (splash zone) reached a maximum of
27.0 cm. The fluid dynamic behavior of the sand showed to be
regular and homogeneous enough for the fluidization of mix-
tures with rather small amounts of biomass.

4.2 Fluidization of the binary mixtures

From the mixtures tested in the present work, 27 out of 52
exhibited a bubbling behavior. For these mixtures, the mini-
mum fluidization velocity was determined as indicated above.
Full results are presented in Table 3, including initial, final,
and minimum fluidization velocities, as established in Fig. 4,
and the total pressure drop reached at minimum fluidization.
The volume fraction of biomass in each mixture (fv) and the

bed aspect ratio (H/D), defined as the ratio between the bed
height at rest and the bed diameter, are presented as well.
Figure 6 compares the main results of the mixtures exhibiting
bubbling behavior. It can be observed that the volume fraction
increases linearly with the increment of the mass fraction as
expected, and the variation of fv is more evident in biomasses
with low bulk density, as presented in Fig. 6a. The bed aspect
ratio also tends to increase when rising the mass fraction of
biomass (Fig. 6b), especially for low bulk density biomasses;
however, it was found to be almost constant (around 1 ± 0.2).
Regarding minimum fluidization, some particular cases are
remarked. For Fiber-FG 5%, Bagasse-FG 7%, Top-FG 3%,
Top-FG 5%, and Coffee H-AR 3%,Uff appeared to be beyond
the maximum superficial velocity achievable in the experi-
mental unit (0.116 m/s). In these cases, the velocity at which
fluidization started (i.e., Uif) is reported instead of the Umf.
Apart from the aforementioned samples, complete fluidization
was achieved and the minimum fluidization velocity was
clearly identified for all the mixtures. The Umf of the mixtures

Table 3 Volume fraction (fv); bed
aspect ratio at rest (H/D); initial
(Uif), final (Uff), and minimum
(Umf) fluidization velocities; and
total pressure drop at minimum
fluidization (Δpmf) for the
mixtures exhibiting bubbling
behavior

Mixture fV (%) H/D (–) Uif (m/s) Uif (m/s) Uif (m/s) Δpmf (mbar)

Shell-AR 3% 6.8 0.89 0.032 0.034 0.070 16.03

Shell-AR 5% 11.0 0.91 0.032 0.032 0.093 15.87

Shell-AR 7% 15.0 0.93 0.029 0.032 0.093 16.35

Shell-AR 10% 20.7 0.96 0.032 0.033 0.082 15.32

Shell-G 3% 5.8 0.91 0.032 0.032 0.070 16.07

Shell-G 5% 9.4 0.92 0.026 0.028 0.082 16.31

Shell-G 7% 13.0 0.95 0.029 0.032 0.082 16.04

Shell-G 10% 18.0 0.96 0.032 0.035 0.093 16.24

Fiber-FG 3% 17.8 1.04 0.035 0.036 0.093 15.36

Fiber-FG 5% 26.9 1.11 0.041 0.041a >0.116 16.48

Bagasse-FG 3% 22.1 1.04 0.035 0.037 0.093 15.77

Bagasse-FG 5% 32.5 1.20 0.047 0.047 0.093 16.12

Bagasse-FG 7% 40.8 1.41 0.058 0.058a >0.116 14.86

Top-FG 3% 20.2 1.03 0.035 0.035a >0.116 14.35

Top-FG 5% 30.1 1.15 0.032 0.032a >0.116 11.17

Rice H-AR 3% 21.9 0.96 0.026 0.038 0.105 16.35

Rice H-AR 5% 32.4 1.04 0.032 0.040 0.105 16.54

Rice H-G 3% 12.9 0.95 0.029 0.035 0.082 16.16

Rice H-G 5% 20.1 1.04 0.041 0.041 0.105 16.24

Rice H-G 7% 26.5 1.11 0.035 0.035 0.105 16.35

Coffee H-AR 3% 17.3 0.93 0.032 0.032a >0.116 14.42

Coffee H-G 3% 12.4 0.96 0.032 0.032 0.105 14.92

Coffee H-G 5% 19.5 1.00 0.029 0.029 0.105 15.72

Poultry L-AR 3% 7.4 0.96 0.032 0.033 0.070 16.14

Poultry L-AR 5% 11.9 0.98 0.026 0.028 0.058 16.05

Poultry L-AR 7% 16.2 1.02 0.029 0.029 0.070 15.98

Poultry L-AR 10% 22.2 1.05 0.035 0.034 0.082 16.00

aUif is registered here instead of Umf since the fully developed fluidization state was not achieved during the
experiment
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was in all cases higher than that of the pure bed material, i.e.,
0.027 m/s (Fig. 6c). The total pressure drop at minimum flu-
idization was found to be constant (15.7 ± 1 mbar), as shown
in Fig. 6d, and is very similar to the one measured for silica
sand (15.8 mbar) since the total weight of the mixtures was
always the same (2000 g) and the mixture mainly consisted of
sand.

The effect of the mass fraction on the minimum fluidization
velocity of the mixture was indicated in previous studies [20,
22, 25]. In these works, a rather constant Umf is observed for
low biomass fractions, with a subsequent significant increase
when the mass fraction rises. Themaximummass fraction that
still allows a constant Umf and the increase rate of Umf at
higher concentrations varies according to the type of biomass.
A similar behavior was observed here for the more regular
biomasses, for example, oil palm shell (shell) and poultry litter
(Poultry-L). For these particles, Fig. 6c evidences that the
increase of mass fraction causes the minimum fluidization
velocity to slightly decrease at the beginning, is kept constant
for a range of mass fractions, and starts increasing for higher
fractions. More irregular biomass particles showed, however,

a more variable behavior exhibiting increase ofUmf or impos-
sibility for regular fluidization with already low concentra-
tions. This indicates that besides the mass fraction of biomass
in the bed, the particle size and shape of the biomass have a
relevant effect on the fluidization of the mixtures that will be
further discussed below.

The effect of the biomass mass fraction in the bed can be
better explained when analyzing the fluidization curves of oil
palm shell and poultry litter mixtures. These mixtures showed
the most stable fluidization behavior since even the mixtures
with the highest biomass fractions tested showed a regular
bubbling pattern and a homogeneous mixing in the entire
bed. These biomasses are characterized by sphericities higher
than 0.69 and bulk densities higher than 544 kg/m3; however,
they are different in size.

Figure 7a shows the fluidization curves of Shell-AR in
mixtures of different biomass mass fractions. The curves for
3% w/w, 5% w/w, and 7% w/w stabilized at a similar value of
total pressure drop (around 16 mbar), but the stabilization
requires higher velocities when the fraction of biomass in
the bed is larger. The larger the amount of biomass in the
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mixture, the wider are also the fluctuations of the pressure
drop before reaching a stable fluidization. The mixture of
10% w/w Shell-AR follows a similar tendency but stabilized
at a slightly lower pressure drop, probably due to the small
differences in the sample mass. The full stabilization of this
mixture requires a higher fluidization velocity as well. The
minimum fluidization velocity is very similar for the four
mixtures (between 0.032 and 0.035 m/s), and about 30%
higher than the one of the bed material. As presented in
Fig. 3, Shell-AR particles are a clear prototype of D-type
particles, usually too large to be fluidized and used therefore
in spouted beds, although the mixtures with sand achieve a
very satisfactory fluidization. The approximately constant
minimum fluidization velocity Umf for these samples indicate
that the mass fraction of biomass could still be increased with-
out considerably affecting the fluidization behavior. This
means that the mass fraction at which the Umf starts sharply
increasing was not reached. Figure 7b presents the fluidization

curves for Shell-G mixtures at 3% w/w, 5% w/w, 7% w/w,
and 10% w/w. These particles have a mean size of approxi-
mately one half compared with Shell-AR but are very similar
in all other properties. These mixtures also exhibit less noto-
rious fluctuations of the pressure drop, before reaching stable
fluidization, that increase only slightly with the rising of mass
fraction. The fluidization curves of Poultry L-AR at 3% w/w,
5% w/w, 7% w/w, and 10% w/w are shown in Fig. 7c.
Particles of Poultry L-AR have a comparatively smaller mean
particle size and are slightly more rounded and dense (Φp =
0.88 and ρp = 1403 kg/m3) than the two samples of shell
particles (as received and ground). They are classified as B-
type particles and are more likely to be easily fluidized. These
mixtures exhibited high stability even in the transient fluidi-
zation zone. The increase in the velocity of stabilization as a
function of the mass fraction, as observed in larger particles
(Shell-AR and Shell-G), is not appreciable here. All mixtures
achieve a stable fluidization at a similar velocity (as shown in
Fig. 6c). In addition, the minimum fluidization velocities re-
sulted to be very similar to that of the bed material. According
to previous experiences in the field [20, 22, 25], it is probable
that concentrations beyond 10% w/w would experience an
increase in the minimum fluidization velocity.

A detailed analysis of fluidization curves allows a better
understanding of the effect of the biomass particle’s properties
aside from its concentration in the bed. The influence of the
mean particle size of biomass was analyzed comparing fluid-
ization curves of mixtures containing the same type of bio-
mass in the same concentration but a notable different mean
particle size. Figure 8 presents the comparison between Shell-
AR (as received) and Shell-G (ground) at the four different
concentrations tested. As mentioned above, these particles
have comparatively high sphericities and exhibited good be-
havior for the range of mass fractions tested. Even though the
only significant difference between the two samples is the
particle size, the differences between the curves are evident.
The mixtures containing finer biomass particles reach a uni-
formly fluidized state very smoothly, while larger particles
cause the whole bed to behave irregularly. In some cases,
the total pressure drop in the bed indicates a transitory fluid-
ization in the presence of channels.

The influence of the mean particle size can also be ob-
served in less spherical particles. Figure 9 compares pairs of
fluidization curves for mixtures containing the same biomass
type in the same mass fraction, so that the most significant
difference between the two curves is the mean particle size of
the biomass particles. Four cases were selected: bagasse 3%,
rice husk 5%, rice husk 3%, and coffee husk 3%. These par-
ticles have comparatively low sphericities than those present-
ed in Fig. 8, ranging from 0.36 to 0.55. Particles of Bagasse-
FG are around 40% smaller and only slightly more rounded
than particles of Bagasse-CG, but the differences in the fluid
dynamic behavior are noticeable even for the mixture with 3%
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w/w bagasse, as shown in Fig. 9a. Bagasse particles have a
particle density lower than other biomasses used in the present
study; this makes the particles less similar to those of the bed
material and, therefore, less likely to achieve a regular fluidi-
zation. They are still classified as B particles but located in a

different zone on Geldart diagram (see Fig. 2). As shown in
Fig. 9b, while the total pressure drop for Rice H-G 5% rapidly
reaches a final pressure drop and then fluctuates after achiev-
ing the minimum fluidization velocity (at 0.041 m/s), the pres-
sure drop of Rice H-AR 5% shows a steady increment from
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the initial fluidization velocity (at 0.032 m/s) until the transient
fluidization state is reached at 0.105 m/s. For this mixture, the
minimum fluidization velocity is 0.0407 m/s. While Rice H-G
particles are typical B-type particles and easy to fluidize, Rice
H-AR particles are much larger in size, thus they can rather be
classified between B-type and D-type particles. Since the dif-
ferences in density and sphericity of the particles and mass
fraction of biomass in the bed can be considered small, the size
of the particle is mainly responsible for the divergence in the
fluid dynamic behavior of these samples. The influence of the
sphericity can, however, not be fully neglected (as it will be
presented further on), the mixtures of H-AR (sphericity 0.36)
need in general a higher velocity to reach a stable regular
fluidization, and the characteristic salient point is not always
found in the progression of the pressure drop. Attenuated
pressure fluctuations are observed for a lower mass fraction
(3% w/w in Fig. 9c), but the general tendency is maintained.
Similar observations were obtained for Coffee H-AR 3%w/w
and Coffee H-G 3%w/w (Fig. 9d). Differences between these
two mixtures are, however, less noticeable. This can be attrib-
uted to the fact that the sizes do not differ from each other as
much as in the rice husk samples and both can be classified as
D-type particles. As presented in Fig. 9d, the steady increment
of the pressure drop is observed in both samples of Coffee H
(Coffee H-AR 3% and Coffee H-G 3%) after reaching the
minimum fluidization velocity of the mixture. Once again,
the smaller the mean particle size of the biomass, the more
stable the fluidization is after overcoming the initial fluidiza-
tion velocity. Only small differences were observed between

the fluidization curves of the mixtures once the final fluidiza-
tion velocity is surpassed, regardless of the particle size.

As described above, different types of biomass exhibit also
very different values of sphericity, which appears to affect the
fluid dynamic behavior of the mixture as well. Figure 10 pre-
sents two examples of this influence, comparing on the one
hand the fluidization curves of Shell-G and Coffee H-AR and
on the other Poultry L-AR and Fiber-FG. These are particles
with similar mean particle size and particle density, but nota-
ble different shapes. In both cases, the more regular particles
(higher sphericity) can be fluidized even with high mass frac-
tions, while particles of low sphericity are prone to exhibit an
irregular fluidization or cannot be fluidized at all. It should be
noted at this point that the reduction in the particle size often
leads to an increase in the particle sphericity, especially in the
case of very irregular particles. This can be seen in Figs. 8 and
9 for oil palm shells, where the reduction in size increases only
slightly the sphericity since the particles are already very reg-
ular. In contrast, for particles such as bagasse, rice husk, and
coffee husk, the reduction in size has a more evident effect on
the increase of sphericity. Sphericity values for more irregular
particles such as fibers are given in Table 1. The effect on the
fluid dynamic behavior of the bed might therefore be a com-
bination of a decrease in the particle size and an increase in the
sphericity.

Since the two most relevant physical properties of the par-
ticles are inherent to the Geldart classification, other possible
interdependencies among particle properties are implicit in
this classification. These interdependencies are, for example,
increase of bulk density with both, the reduction in size and
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the increase of particle density, and increase of sphericity with
the decrease of size. This classification might therefore be a
good indication for the behavior of the biomass particles in the
mixture.

4.3 Prediction of minimum fluidization velocities of
binary mixtures

Figure 11 plots the minimum fluidization velocities obtained
from experiments (markers), as well as the predictions when
using the selected correlations factors listed in Table 2 (lines).
A plot is depicted for each of the four biomass fractions tested.
In all cases, the minimum fluidization of the bed material is
also plotted as reference. The five different sets of factors
selected follow a similar increase with the Ar number, which
is also observed in the experimental results. Even though the
correlations properly approach the minimum fluidization ve-
locities of the mixtures, there is no correlation able to predict
the behavior of all the mixtures and the dispersion of data is
considerable. However, some sets of factors seem to be more
appropriate for some groups of mixtures.

The behavior of the bed material, sand, suits the prediction
of Reina et al. [42]. The mixtures of 3% w/w biomass fit
within the limits demarcated by Grace [43] and Chyang and
Huang [44], and are contiguous to the line of Wen and Yu
[39]. A further increase of the biomass concentration causes
the mixtures of Shell-AR, Shell-G, Top-FG, Poultry L-AR, as
well as Coffee H-G to move closer to the predictions of
Chyang and Huang [44] and Reina et al. [42], while Grace
[43] overestimates the Reynolds number at the minimum flu-
idization of rice husk mixtures and Basu [45] underestimates
those for Fiber-FG and Bagasse-FG. For the mixtures of 10%
w/w mass fraction, the correlation of Wen and Yu [39] pro-
vides the best results for Poultry L-AR, while that of Chyang
and Huang [44] and Reina et al. [42] still work well for Shell-
AR and Shell-G mixtures. The largest deviation is observed
for Bagasse-FG 7% w/w, as shown in Fig. 11c, where no
correlation allows a proper estimation of the Remf. This could
be partially due to the fact that Bagasse-FG 7% w/w presents
the highest volume fraction of biomass (40.8% v/v) and the
highest bed aspect ratio (1.41) of all the mixtures studied here,
as shown in Table 3. In fact, Umf and Uff are expected to rise
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very sharply for volume concentrations beyond 30–50% w/w
in binary mixtures [21, 22].

Considering groups of results according to the mass frac-
tion of biomass in the bed, the lowest mean relative errors
were found using the correlation of Wen and Yu [39] for the
mixtures with 3% w/w biomass (relative error 6.9%) and the
correlation of Chyang and Huang [44] for the mixtures of 5%
w/w, 7%w/w, and 10%w/w biomass (relative error of 16.8%,
14.9%, and 10.4%, respectively). The lowest SDs (σ) were
obtained for the correlations of Wen and Yu [39] for biomass
concentrations below or equal to 7% w/w (σ = 4.4%, 8.3%,
and 13.1%, respectively). For mixtures of 10% w/w biomass,
the correlation of Chyang and Huang [44] provides the lowest
deviation (σ = 2.9%).

Asmentioned above, the physical properties of the biomass
particles (size, density, sphericity) also have relevant effects
on the minimum fluidization velocity and fluid dynamic be-
havior of the mixture. Therefore, the biomass concentration in
the mixture is not sufficient for the proper adjustment of the
correlation. The minimum fluidization velocity of the mix-
tures can in fact be satisfactorily predicted with a mean rela-
tive error below 10% (considerably lower than in other studies
[46]) when properly identifying the most suitable correlation
for the specific Geldart group of the corresponding biomass
particle. This can be observed in Fig. 12, which shows the
relative error for four Geldart sub-classes and the different
correlations analyzed in the present work. Only the error for
Bagasse-FG 7% could not be minimized. As shown in the
figure, the correlation proposed byWen and Yu [39] achieves
the lowest relative error for the mixtures of B-type particles
with a mean relative error of 8.7%. Minimum fluidization
velocities of D-type particles mixtures correlate well with

the predictions of Chyang and Huang [44] and Reina et al.
[42] (mean relative error of 6.2% and 8.0%, respectively). As
expected, the correlation proposed by Grace [43] fits satisfac-
torily for finer AB-type particles, with a mean relative error of
6.8%, and the correlation of Basu [45] achieves the same low
errors for this kind of particles. In addition, the correlation
proposed by Wen and Yu [39] makes the closest prediction
for BD-type particles, with a mean relative error of 13.0%.
Since this is not as low as desirable, further research on cor-
relations for these types of particles is suggested. Finally, the
correlation proposed by Basu [45] seems to be the best for
capturing the behavior of Bagasse-FG 7% (B-type particle),
but it is still not satisfactory with a mean relative error of
18.4%.

These results show that low relative errors in the prediction
of the minimum fluidization velocity of highly heterogeneous
binary systems are achieved when the appropriate correlation
is selected, according to the corresponding Geldart classifica-
tion of the biomass particles (lesser component). Nevertheless,
alternative correlations or refinements must be carried out for
BD-type particles and for mixtures that exhibit bed aspect
ratios considerably higher than 1.0 or biomass volume frac-
tions higher than 35%. A correct classification of the biomass
particles relies on the capacity of accurately determining their
physical properties such as size, density, and sphericity. The
results presented here are extended to binary mixtures includ-
ing particles different from biomass. The study of binary mix-
tures is particularly appealing, including char particles, which
are the actual mixtures processed in thermochemical reactors.

5 Conclusions

Experimental study of biomass–sand mixtures at different
mass concentrations, together with a careful reconsideration
of physical properties of the biomass particles, led to a conve-
nient approach for the estimation of their minimum fluidiza-
tion velocity. Mass fraction of biomass in the bed, particle
size, and sphericity of the biomass were observed to have
significant effects on the fluidization of the mixtures. For sim-
ilar total mass in the bed, the pressure drop stabilizes at nearly
the same value, regardless of the mass fraction of biomass in
the mixture. However, stabilization requires higher gas veloc-
ities when the fraction of biomass in the bed is larger. Larger
amounts of biomass in the mixture also cause wider pressure
fluctuations before reaching stable fluidization. This means
that, although the minimum fluidization velocities have slight
differences, a stable fluidization is more feasible for low mass
fractions of biomass.

For similar biomass type and biomass weight fractions,
reducing the particle size allows a smoother transition to the
fluidized state, that is, the bed behaves more like a homoge-
neous bed. However, it must be pointed out that the sphericity
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of biomass particles increases with the reduction of the parti-
cle size, thus, the effect on the fluid dynamic behavior can be a
combination of the change in these two properties. Larger and
less spherical biomass particles and the increase of the bio-
mass fraction hinder the uniform fluidization of the binary
bed. This means that a wider transition zone and larger pres-
sure drop fluctuations are observed and that higher velocities
are required to reach stable fluidization. In the biomass studied
here, oil palm shell and poultry litter exhibited a homogeneous
bubbling behavior for the full range of concentrations under
study, while for flaky (rice husk and coffee husk), fibrous (oil
palm fiber), and flat (sugarcane bagasse and sugarcane top)
types of particles, a stable fluidization was only reachable up
to 7% w/w biomass mass fractions in sand.

The use of correlations based on pressure drop allowed the
prediction of the minimum fluidization velocity of the mix-
tures with mean relative errors below 10%. These low devia-
tions were achieved by identifying appropriate correlations
depending on the Geldart classification of each biomass, i.e.,
Grace [43] and Basu [45] for AB-type particles, Wen and Yu
[39] for B-type particles, and Chyang and Huang [44] and
Reina et al. [42] for D-type particles. The accuracy of predic-
tion can be negatively affected by biomass volume fractions in
mixtures higher than 35% v/v and bed aspect ratio at rest
highly deviated from the unity.

The detailed analysis of the relations between the selected
parameters (particle size, density, sphericity of the biomass
particles, mass fraction of the biomass in the mixture, and
Geldart classification) with the fluidynamic behavior of the
mixture (here the Umf, in particular) deserves good attention.
This perspective may open new possibilities toward the gen-
eralization of correlations based on pressure drop and helps in
improving the accuracy of prediction of the minimum fluidi-
zation velocity in highly heterogeneous mixtures. Moreover,
if the change of the physical properties of the biomass during
thermal processing is known, modifications in their fluid dy-
namic behavior could be better predicted. Further work will
therefore include the accurate determination of char physical
properties and fluid dynamic study of char–sand mixtures.
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Nomenclature
Ar, Archimedes number
Areff, Effective Archimedes number
C, Constant in Eq. 5
D, Bed diameter (m)
db, Mean particle size of biomass particles (m)
deff, Effective mean particle size of the mixture (m)
dp, Mean particle size (m)
ds, Mean particle size of sand particles (m)
fv, Volume fraction of biomass in the mixture (%)
H, Bed height (m)
L, Height difference (in Eq. 2) (m)
Pe, Particle perimeter (m)
Po, Atmospheric pressure (Pa)
Re, Reynolds number
Remf, Reynolds number at minimum fluidization
Reeff, mf, Effective Reynolds number at minimum fluidization
Sp, Projected area of the particle (m2)
U, Superficial gas velocity (m/s)
Uff, Final fluidization velocity (m/s)
Uif, Initial fluidization velocity (m/s)
Umf, Minimum fluidization velocity (m/s)
Ut, Terminal velocity (m/s)
wb, Weight of the biomass particles (kg)
ws, Weight of the sand particles (kg)
xb, Weight fraction of biomass in mixture
xs, Weight fraction of sand in mixture
Δp, Pressure drop (mbar)
Δpmf, Pressure drop at minimum fluidization (mbar)
ɛ0, Void fraction at rest
ɛmf, Void fraction at minimum fluidization
μf, Gas viscosity (Pa s)
ρb, Particle density of the biomass particles (kg/m3)
ρbulk, Bulk density (kg/m3)
ρf, Gas density (kg/m

3)
ρeff, Effective density of the mixture (kg/m3)
ρp, Particle density (kg/m3)
ρs, Density of the sand particles (kg/m3)
σ, SD (%)
Φp, Sphericity

Designation of the biomass samples
Bagasse-CG, Sugarcane bagasse coarsely ground
Bagasse-FG, Sugarcane bagasse finely ground
Coffee H-AR, Coffee husk as received
Coffee H-G, Coffee husk ground
Fiber-CG, Oil palm fiber coarsely ground
Fiber-FG, Oil palm fiber finely ground
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Poultry L-AR, Poultry litter as received
Rachis-CG, Oil palm rachis coarsely ground
Rachis-FG, Oil palm rachis finely ground
Rice H-AR, Rice husk as received
Rice H-G, Rice husk ground
Shell-AR, Oil palm shell as received
Shell-G, Oil palm shell ground
Top-CG, Sugarcane top coarsely ground
Top-FG, Sugarcane top finely ground
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