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A B S T R A C T   

Axial segregation behaviour of a single biomass particle in a lab-scale bubbling fluidized bed has been investi-
gated from both experimental and modelling perspectives. Experiments were conducted using beech wood 
particles of different sizes, ranging from 8 to 12 mm under either oxidizing or inert conditions. The fluidized bed 
reactor was operated at temperatures and fluidization velocity ratios, U/Umf, in the range of 500–650 ◦C and 1–2, 
respectively. A one-dimensional model has been developed to predict the axial location of the particle over time, 
taking into account both dynamic and thermal conversion mechanisms. X-ray imaging techniques allowed to 
identify endogenous bubbles released during devolatilization and carry out direct measurements of their size. 
This information was used to propose an expression for the lift force acting on the fuel particle. The model 
showed very accurate predictions and the segregation behaviour of the fuel particle appeared to be independent 
of the nature of the fluidizing medium.   

1. Introduction 

Bubbling fluidized bed reactors are among the most promising 
technologies for the thermochemical treatment of solid feedstocks, 
owing to their good operational flexibility, favourable mixing features 
and enhanced heat and mass transfer [1–5]. In the last couple of de-
cades, there has been a growing interest in exploiting biomass and waste 
as one of the possible pathways to face global warming challenges and 
promote the green energy transition [6,7]. Nevertheless, there are still 
unsolved challenges when operating with these feedstocks in fluidized 
bed reactors. Because of their relatively low density, these materials 
experience axial segregation, resulting in stratification along the bed 
height and poor mixing of solid and gas phases within the fluidized bed 
[8–13]. Moreover, the great amount of volatile matter released by the 
feedstock particles within the bed evolve in the form of so-called 
endogenous bubbles, which further enhance the segregation of the 
feedstock [14–18]. As a consequence of segregation, both solid and gas 
phases cannot take advantage of the enhanced bed-to-fuel transfer 
phenomena intrinsic of the fluidized-bed technology, which are essen-
tial for high product yield and quality [19,20]. All these aspects are 
essential to the design of industrial fluidized-bed units and relevant to all 

thermochemical conversion processes, since the evolution of volatiles is 
common to pyrolysis, gasification and combustion operations. Several 
researchers have carried out fundamental investigations to better un-
derstand the behaviour of a relatively large particle in bubbling fluidized 
beds by means of different non-invasive techniques, including PIV 
(Particle Image Velocimetry), X-ray, RPT (Radioactive Particle 
Tracking), Lagrangian sensor systems and MPT (Magnetic Particle 
Tracking) [14,15,21–32]. Most of these investigations have been carried 
out under cold conditions using tracers to resemble the behaviour of one 
or more moving objects, or the hydrodynamic of the bed itself. The main 
issue in using this approach is the lack of similarity with hot fluidized 
bed reactors, as the cold models do not consider the thermal decom-
position of the solid fuel, which is crucial to build more comprehensive 
mathematical models. As demonstrated by Fiorentino et al. [15,16] and 
Solimene et al. [18], the volatile bubbles released by the fuel particle 
play a significant role, affecting the movement of the feedstock itself. In 
particular, the authors observed that the endogenous bubbles transfer 
momentum to the fuel particle and generate a lift effect that accelerates 
the particle itself in the upward direction. Among the diagnostic tech-
niques cited, the X-ray imaging technique is, at present, the only one 
capable of providing direct visualization of flow pattern of both solid 
and gas phases at realistic operating conditions. As directly observed by 
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Bruni et al. using an X-ray apparatus, at typical thermochemical con-
version conditions, the endogenous bubbles are visible as long as the 
solid feedstock is immersed within the fluidized bed [14]. However, the 
conditions investigated by the authors fall within the specific regime of 
“single bubble segregation”, meaning that one single endogenous bubble 
is released during the rise period of the fuel particle from the bottom to 
the surface of the bed. In this case, it is possible to assume that the axial 
displacement of the fuel particle is the same as that of the only endog-
enous bubble released, as asserted by the authors. This significantly 
simplifies the problem, whereby the behaviour of the bubble is used to 
describe the dynamic behaviour of the fuel particle. Although this might 
be advantageous from a practical perspective, in the most general case of 
fuel particle devolatilization, more than one endogenous bubble can be 
released, causing complications in developing the model. Solimene et al. 
quantified the bubble-induced effect under cold conditions in the form 
of a lift force [18], which is extremely practical to simplify such a 
complex phenomenon and ultimately link dynamic behaviour of the 
solid fuel to its thermal decomposition, as discussed in this study. 

The aim of this work is to propose a simple model that can be applied 
to fluidized bed reactors to predict the movement, as well as the 

decomposition mechanism of highly volatile fuel particles during ther-
mochemical conversion. At the same time, it was crucial to carry out 
experiments in order to determine the kinetics of devolatilization, 
validate the model and gain a better understanding of the mechanisms 
governing the evolution of volatiles and the decomposition of particles. 
This is done by using advanced imaging techniques to study the con-
version of beech wood particles of different sizes in a lab-scale reactor 
operated at different fluidization velocities, ranging from minimum 
fluidization to bubbling regime. 

2. Model description 

2.1. Fuel particle’s decomposition 

A biomass particle loses its volatile content during thermochemical 
conversion, leaving behind char as a solid by-product. The presence of 
oxygen in the system (combustion/gasification condition) leads to 
oxidation of the char. Several authors showed that in fluidized bed re-
actors the fuel particle ignites following different pathways, according to 
the surrounding atmosphere of conversion and properties of the fuel 

Nomenclature 

Symbols 
d [m] Diameter 
F [N] Force 
g [m/s2] Gravitational acceleration 
H [m] Height of expanded bed 
k [s− 1] Devolatilization rate constant 
kg [m/s] Mass transfer coefficient of oxygen 
M [kg/mol] Molecular weight 
m [kg] Mass 
P [Pa] Pressure 
Q [m3/s] Volumetric flow rate of volatiles 
R [J/mol K] Universal gas constant 
Re [-] Reynolds number of fuel particle 
r [m] Radius 
T [K] Temperature 
t [s] Time 
U [m/s] Gas velocity 
ue [m/s] Interstitial velocity of emulsion gas in emulsion phase 
uex [m/s] Velocity of exogenous bubbles 
yO2 [-] Molar fraction of oxygen 
V [m3] Volume 
vp [m/s] Velocity of fuel particle 
vp

’ [m/s] Mean rise velocity of fuel particle 

w [-] Mass composition of volatile matter in solid fuel 
X [-] Mass conversion of solid fuel 
z [m] Axial position 

Greek letters 
β[-] Stoichiometric coefficient for char combustion 
δ[-] Volume fraction of bed occupied by exogenous bubbles 
γ[-] Proportional constant in Eq. (7) 
ρ[kg/m3] Density 

Subscripts 
0 Detachment time of endogenous bubble 
b Endogenous bubble 
c Char of fuel particle 
e Emulsion phase 
ex Exogenous bubble 
f Fluidizing gas 
i Initial 
m Maximum 
mf Minimum fluidization 
p Fuel particle 
v Virgin core of fuel particle 
vm Volatile matter 
w Wake phase  

Fig. 1. Simple schematization of the conversion of a biomass particle. rpi: radius of the raw biomass; rv: radius of the shrinking biomass core; rc: radius of the 
shrinking char. 
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itself [33–35]. Bu et al. showed that the oxygen concentration affects the 
heating of the particle during the devolatilization for different types of 
solid fuels, including coal and wood [35]. They found that the devola-
tilization time decreases as the O2 concentration increases. The authors 
also observed that the presence of volatile flames did not have any effect 
on the rate of particle heating or devolatilization time. Thus, they 
concluded that the oxygen reacting on the surface of the particle before 
the end of the devolatilization is responsible for the heating of the 
particle itself, and subsequent shortening of the devolatilization time. 
Furthermore, in a previous work it was found that the devolatilization 
time of beech wood particles under oxidizing conditions was shorter 
than that obtained under inert conditions at the same operational tem-
peratures investigated in this work [36]. From these observations, it is 
reasonable to consider devolatilization and char oxidation occurring in 
parallel as soon as the first layer of char forms on the surface of the 
particle, as shown in Fig. 1. 

It is assumed that devolatilization and char burnout follow a 
shrinking core and a shrinking particle model, respectively. The devo-
latilization occurs according to the following pseudo first-order rate law 
[16,37]: 

dX
dt

= k(1 − X) (1) 

It is possible to manipulate Eq. (1) to express the kinetics of devo-
latilization in terms of the diameter of the raw biomass, as follows: 

ddv

dt
= −

kdv

3
(2) 

Eq. (2) represents a shrinking core model, where the information 
about the transfer phenomena is embedded in the kinetic constant k 
obtained experimentally. As the first layer of char forms, the oxygen 
transfers from the environment to the surface of the particle, where 
oxidation occurs. Due to the low content of ash in biomass, under 
oxidizing conditions the char is consumed according to the shrinking 
particle model, assuming the convective mass transfer of oxygen from 
the emulsion to the surface of the char layer to be the controlling 
mechanism [38], as follows: 

ddc

dt
= −

2βkgMcyo2ρf

ρcMf
(3) 

The stoichiometric coefficient β has been set equal to 2, according to 
the reaction of char oxidation: 

2C+ O2 = 2CO (4) 

As evidenced in the literature, in the range of temperatures 

investigated in this study the oxidation of CO to CO2 is inhibited in the 
proximity of the burning char because of the sand surrounding the 
particle, which provides enough surface area for radicals to recombine. 
As a consequence, the CO2 forms mostly in the homogenous gas phase, 
after the CO diffuses away from the particle [39,40]. 

2.2. Fuel particle’s motion 

The fuel particle interacts with the fluidized bed and its motion can 
be described by a force balance. It is important, however, to distinguish 
between minimum fluidization and bubbling regimes to define the 
proper equation of motion. At minimum fluidization, the fluidized bed is 
considered as a homogeneous and continuous medium (the emulsion 
phase) with a bulk density ρe. In this case, the force balance is given by 
the following equation: 

ρpVp
d2zp

dt2 +Fa = Fg +Fb +Fd +Fl (5) 

The added mass force Fa is induced by the displaced mass of fluidized 
bed surrounding the moving fuel particle, which accelerates (or de-
celerates) the particle itself. Fl is the lift force associated with the rise of 
endogenous bubbles, which is always directed upwards. A schematiza-
tion of the endogenous bubbles’ evolution and detachment is shown in 
Fig. 2. 

It is assumed that each endogenous bubble released transfers mo-
mentum to the fuel particle as it detaches from the particle itself [18], 
meaning that the lift force acts on the fuel in an intermittent fashion. The 
devolatilization rate increases with temperature, resulting in larger 
bubbles released from the fuel particle. The observed phenomenon was 
assumed to be the same as the formation of a bubble from an orifice in a 
bed at minimum fluidization [18]. Therefore, the time of formation (or 
detachment time) for a single bubble can be described by the following 
equation: 

t0 =
Vb0

Q
(6) 

However, several authors noted that the visible bubble flow through 
the orifice accounted only for a fraction of the total gas injected into the 
bed [41]. Thus, Eq. (6) can be corrected as follows: 

t0 = γ
Vb0

Q
(7) 

where γ is related to the ratio between visible bubble flow and the 
actual flow of volatiles released by the particle [42]. The bubble can be 
considered as fully formed when the displacement is equal to its radius, 

Fig. 2. Simple schematization of the evolution and detachment of an endogenous bubble, and forces acting on the fuel particle.  
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as given by the following equation [43]: 

gt2
0 = db0 (8) 

Endogenous bubbles were assumed to be spherical and the equiva-
lent circle, as shown in Fig. 2, represents the cross-sectional area of the 
bubble itself. Solutions of Eqs. (7) and (8) lead to: 

db0 = 1.259γ0.4Q0.4

g0.2 (9) 

The volumetric volatile flow rate can be expressed by the following 
first-order rate law: 

Q =
mpiw
ρvm

dX
dt

=
mpiw
ρvm

ke− kt (10) 

After manipulation of Eqs. (9) and (10), the bubble diameter at the 
detachment time becomes: 

db0 = 1.259
γ0.4

g0.2

(πkρpiwRT
6PMvm

)0.4

d1.2
pi (11) 

Endogenous bubbles are produced as long as the fuel particle is 
immersed within the bed. In the case of highly volatile feedstocks, such 
as biomass, the residence time of the fuel particle within the bed is much 
shorter than the whole devolatilization time [2]. Therefore, the term e-kt 

does not appear in Eq. (11), as it approaches to unity. It is important to 
note that the above discussion is valid as long as the residence time of 
the fuel particle within the bed is much shorter than the whole devo-
latilization time. This condition is usually met in the case of highly 
volatile feedstocks in bubbling fluidized beds [2]. Table 1 shows the 
equations for the main forces used in the model. Further details about 
the lift force are discussed in Section 4. 

In the more complex case of bubbling fluidization regime, the bed is 
assumed to behave according to the 2-phase theory [44,45]. As observed 
by Rowe and Nienow, the upward movement of solid particles in a 
bubbling fluidized bed is associated with that of the wake of rising 
bubbles [46]. Therefore, it is assumed here that the fuel particle’s up-
ward motion takes place within the wake region of the bubble phase, 
which moves upward at the velocity of the rising exogenous bubbles. 
With the term exogenous bubble, we indicate the bubbles typically 
observed in a bubbling regime, when the velocity of the fluidizing agent 
is higher than the minimum fluidization velocity. The physical proper-
ties of the bubble wake are assumed to be the same as for the emulsion 
phase. In this case, the interstitial velocity of the emulsion gas ue in Eq. 
14 is substituted by the rising velocity of the exogenous bubbles uex, 
given by the following equations [44]: 

uex =
(
U − Umf

)
+ 0.711(gdex)

0.5 (18)  

dex = dex,m −
(
dex,m − dex,i

)
e− 0.3z/dbed (19) 

In the bubbling regime, it is also necessary to modify the equation of 
the added mass force (Eq. 16), as follows: 

Fa,w =
π
12

ρed
3
c

(
d2zp

dt2 − uex
duex

dz

)

(20) 

The additional term in Eq. (20) arises from the fact that the particle is 
moving within a non-uniform velocity field, which, according to the 2- 
phase theory, varies along the height of the bed. This is not true at 
minimum fluidization, as the emulsion gas velocity is uniform along the 
entire fluidized bed. 

The model has been implemented in MATLAB® software and the 
computational routine is shown in Fig. 3. 

The computation starts as the particle is fed into the bed. After an 
initial period of heating up tin, the first endogenous bubble starts forming 
(beginning of devolatilization) and it detaches from the fuel particle at 
the instant of time t0,1, when the lift force acts on the particle. At this 
point, a second endogenous bubble starts evolving until the detachment 

Table 1 
Mathematical expressions of the forces used in the model at Umf.  

Name Equation  

Gravitational force Fg = −
π
6

ρpd3
c g (12) 

Buoyancy force Fb =
π
6

ρed3
c g (13) 

Drag force Fd =
π
8

ρeCDd2
c
(
ue − vp

)⃒
⃒ue − vp

⃒
⃒ (14) 

Drag coefficient [32] CD =
24
Re

(
1+0.15Re0.687) (15) 

Added mass force 
Fa,mf =

π
12

ρed3
c
d2zp

dt2 

(16) 

Lift force Fl = 0.506γ1.2ρeg0.4Q1.2 (17)  

Fig. 3. Computational routine of the model.  
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time t0,2 and so forth until the end of the devolatilization period. The 
induction time varies between 0.3 % and 0.7 % of the entire devolati-
lization period, according to temperature and initial size of the biomass 
particle [36]. The kinetics of devolatilization have been determined 
experimentally through gas measurements at the conditions investi-
gated. The char burnout starts if oxygen is present in the system and 
after the fuel particle shows the first layer of char on its periphery. The 
numerical integration proceeds with a varying timestep, which changes 
during the computation according to the elapsed time between two 
consecutive endogenous bubbles. The computation stops when the 
particle is completely consumed (oxidizing conditions) or when the 
devolatilization ends (inert conditions). 

3. Methodology 

3.1. Materials 

Experiments were carried out using spherical beech wood particles 
with 3 different diameters (8, 10 and 12 mm), under either oxidizing 
(air) or inert (nitrogen) conditions, in order to assess the effect of the 
nature of the fluidizing medium on the thermal decomposition and dy-
namic behaviour of the fuel particle. All the samples were half-drilled in 
order to insert a small tracer particle of lead, ranging from 1.5 to 2 mm in 
diameter, to make the particle visible upon X-ray exposure during the 
experiments. The fluidized bed reactor consisted of a 146 mm ID × 1000 
mm long Inconel cylindrical vessel operated at temperatures of 500, 600 
and 650 ◦C, and U/Umf ratios between 1 and 2. Experiments at minimum 
fluidization enabled the assessment of endogenous bubbles evolution 
without possibilities of confusion arising from exogenous bubbles. 
Measurements of the bubble size provided a better understanding con-
cerning the evolution of volatiles within the bed under real thermo-
chemical conversion conditions. On the other hand, the bubbling regime 
was investigated up to 2Umf in order to avoid turbulent or slugging 
conditions, when the more vigorous motion of both solids and gases 
might cause further complications in describing the phenomena. The 
possible interactions between exogenous and endogenous bubbles, such 
as coalescence, have not been assessed in this study. 

The reactor was fitted with a purposely designed single fuel particle 
injector, consisting of a 28 cm piston rod enclosed in a 50 cm stainless 
steel tube and operated by a pneumatic actuator into the reactor. At rest, 
the piston is retracted to allow the placement of the biomass particle into 
the tube through a threaded hole, which is then closed with a bolt to 
isolate the entire system from the environment. Consequently, nitrogen 
is fed through the tube to remove residual air and prevent heating and 
reaction before the fuel particle injection. During each experimental 
test, a single particle of biomass was fed into the bottom of the bed, 2.5 

cm above the distributor plate. The bed height varied in the range of 16 – 
18 cm, according to the conditions used. The materials and experimental 
conditions used are summarized in Table 2. Values of Umf at the different 
temperatures investigated have been determined experimentally by 
pressure drop measurements. Typical physical and chemical properties 
of the biomass investigated are listed in Table 3. 

A range of particle densities from 804 to 1157 kg/m3 has been tested 
in order to investigate the behaviour of a reacting biomass particle after 
injection into a fluidized bed. The lowest range of 804 – 900 kg/m3 

resembles the density pure beech wood [50]. The highest range of 979 – 
1157 kg/m3 was investigated to expand the range of application of the 
proposed model, since the high densities chosen lie in the range of 
pelletized solid feedstock [51,52]. 

In order to measure the devolatilization and char burnout time, 
different gas sensors have been arranged in parallel, in order for the 
product gas to flow in each sensor at the same time. This allows to 
measure all the gas species simultaneously, avoiding significant delay 
time for the gas stream to flow from one measurement chamber to the 
other. A GSS SprintIR-WF-20® was used to measure changes in CO2 
concentration in the gas stream at the outlet of the reactor, whilst two 
CO2METER® sensors were used to detect CO and CH4. The data 
collected from the gas analysis have been deconvoluted, taking into 
account the delay time and time constant of the system, which have been 
quantified by measuring the response of the system to a step of a tracer 
gas (CO2) injected at the surface of the fluidized bed (location where the 
particle is most likely to settle during the conversion). Injecting the 
tracer gas at the surface of the bed is a reasonable choice, since the 
segregation time of the fuel particle is generally much lower than the 
whole thermal decomposition time and the release of the volatile con-
tent, as well as the pyrolysis and oxidation reactions, mostly take place 
within the freeboard of the reactor. The dynamic of the fluidized bed and 
sampling lines was described with a first-order time constant and pure 
delay time in the range of 4.7 – 10 s and 8.5 – 12.4 s, respectively. These 
values depend on the temperature and fluidization velocities used, as 
they affect the dynamics of the system. 

3.2. X-ray imaging technique 

A non-intrusive X-ray imaging technique used in this study provides 
both online visualization and image acquisition with time and spatial 
resolutions of 36 frames per second and 0.17 mm/pixel, respectively. 
Fig. 4 shows a schematization of the apparatus. 

A high-energy X-ray beam passes through the fluidized bed where 
absorption occurs, depending on the distribution and amount of solids 
and fluids along the beam path. A high-speed video camera is 
synchronised to the beam to monitor rapid changes in the internal flow 
patterns associated with motion and bubble formation. The main ele-
ments of the equipment are the X-ray source and the image intensifier. 
The voltage is applied to the X-ray generator, which gives the pene-
trating power to the X-rays produced. Increasing the voltage shortens 

Table 2 
Materials and experimental conditions used.  

Fuel particle 

Material dpi (mm) Density of raw 
sample (kg/m3) 

Range of densities with 
lead tracer (kg/m3) 

Beech 
wood 

8, 10, 12 774 ± 0.012 804 – 1157  

Bed inventory 
Material Geldart 

classification 
Particle density 
(kg/m3) 

Average particle size (µm) 

Quartz 
sand 

B 2650 250  

Bed operating conditions 
T (◦C) Umf (mm/s)   
500 34.8   
600 30.5   
650 27.9    

Table 3 
Typical physical and chemical properties of beech wood.  

Ref. [47] [48] [49] 

Ultimate analysis, (wt%) db daf db 
C 48.1 49.2 49.1 
H 5.9 6.0 5.7 
O 45.4 44.1 44.5 
N 0.2 0.5 0.15 
S – 0.02 0.045 
Proximate analysis, (wt%) wb db db 
Volatiles 74.8 85.3 84.3 
Fixed carbon 15.7 14.3 15.2 
Ash 0.7 0.4 0.5 
Moisture 8.8 0 8.7ar 

Heating value db, [MJ/kg] 15.0 – – 
ar: as received, daf: dry ash free, db: dry basis, wb: wet basis  

S. Iannello et al.                                                                                                                                                                                                                                 
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the boundary of the wavelength and increases the beam intensity, whilst 
the current level controls the radiation intensity. In the present work, 
values of 135 kV and 300 mA have been used for voltage and current, 
respectively. Furthermore, it is possible to control the radiation pro-
duced for the X-ray pulse, and therefore the brightness of the video 
image. The duration of each X-ray pulse is kept as short as possible (1 
ms) to ensure a sharp X-ray picture and to minimize the heat generated 
by the instrument. 

Different algorithms have been developed in the MATLAB® envi-
ronment in order to post-process the images acquired. The main steps to 
be considered for the post-processing stage are [36,42,53]:  

• The correction of pincushion distortion due to the intrinsic curvature 
of the image intensifier and diverging nature of the X-ray beam.  

• Filtering, contrast adjustment, image segmentation and selection of 
the region of interest (ROI), i.e., a specific area of the image. In the 
present case, this is done to remove any source of noise that may 

disrupt the particle tracking and is not useful to the analysis, such as 
the freeboard, and focus the attention on the fluidized bed, endog-
enous bubbles and fuel particle only. 

• Particle tracking to determine the particle trajectory, hence infor-
mation about the axial segregation behaviour of the fuel particle. 

The main steps of the image processing and analysis are shown in 
Fig. 5. 

Knowledge of the size of endogenous bubbles, gained by direct 
visualization from the collected X-ray images, allowed an estimation of 
the lift effect acting on the reacting particle, which was implemented in 
the model developed. 

Fig. 4. Schematic representation of the experimental set-up.  

Fig. 5. Main steps of the X-ray image analysis. From left to right: raw image, correction of pincushion distortion and selection of ROI, particle tracking and final post- 
processed image. 
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4. Results and discussion 

4.1. Induced endogenous bubble lift effect 

An X-ray visualization of evolution and detachment of an endoge-
nous bubble from the biomass particle is shown in Fig. 6. 

The X-ray schematization in Fig. 6 was obtained through post-
processing of two collected images for ease of visualization, where the 
fuel particle (lead tracer) and a single endogenous bubble have been 
isolated from the rest of the background. This was done in order to 
represent the mechanism of devolatilization without confusion arising 
from secondary volatile streams produced by the particle in the other 

spatial directions. 
In order to obtain quantitative information about the lift effect 

induced by the endogenous bubbles on the fuel particle, a linear 
regression has been performed using Eq. (11). In this way, it was 
possible to determine the parameter γ at each temperature considered. 
Results are reported in Table 4. Three repetitions have been performed 
per each set of conditions, and from 9 to 19 endogenous bubbles could 
be measured during each experiment. 

Kinetic constants k and endogenous bubbles size were obtained in a 
previous work from gas analysis and X-ray measurements, respectively 
[36]. Values of k in inert fluidizing gas have been used for the fitting 
procedure, since it was found that the nature of the fluidizing medium 
does not affect the evolution of endogenous bubbles within the bed [36]. 
Values of db0 calculated with Eq. (11) are in good agreement with the 
experimental observations (R2 = 0.88). It was observed that the fuel 
particle follows a multiple bubble segregation pattern. Thus, measure-
ments of db0 were averaged along the residence time of the particle 
within the bed for each test. Solimene et al. [18] derived a correlation for 
the lift force, assuming that the diameter of the endogenous bubbles at 
the detachment time is equal to the diameter of the fuel particle. How-
ever, experimental evidence from this work (obtained with particles 
smaller than those used in [18]) does not support this assumption and 
suggests that the endogenous bubble size is highly sensitive to the bed 
temperature. This dependence is included in the fitting parameter γ, 
which has been used to propose a revised version of the lift force (Eq. 
17). 

4.2. Axial segregation of the biomass particle 

Fig. 7 shows experimental and calculated particle segregation pro-
files of a single biomass particle at different fluidization regimes. The 
values of 0 and 1 on the y-axis correspond to the dimensionless feeding 
point and surface of the bed, respectively. 

The model is in good agreement with the experimental observations 
under both minimum and bubbling fluidization regimes, up to 2Umf. 
There is no significant difference between the experimental axial tra-
jectories of the particle under oxidizing and inert fluidizing conditions. 
This finding further confirms that the oxidizing nature of the fluidizing 
gas does not affect the properties of the endogenous bubbles, hence the 
magnitude of the lift force. The lack of interaction between bubbles and 
bed emulsion was also observed by Dennis et al., who studied the igni-
tion behaviour of propane/air mixtures in fluidized bed [54]. They 
noticed that below 800 ◦C the conversion of the mixture was confined to 
the freeboard, where the bubbles erupt, indicating that the combustion 

Fig. 6. Post-processed X-ray frames showing evolution and detachment of an 
endogenous bubble, and measurement of the equivalent bubble diameter at the 
detachment time for a 12 mm particle at 650 ◦C. 

Table 4 
Devolatilization rate constants and parameter γ obtained at different operating 
conditions. Values of db0 and k were obtained experimentally. Values of γ were 
obtained by linear regression using Eq. (11).  

T (◦C) dpi (mm) db0 (mm) k ⋅ 102 (s¡1) γ 

500 8  5.16  2.31 1.47  
10  6.85  1.85  
12  8.64  1.55 

600 8  10.1  2.79 5.27  
10  13.6  2.24  
12  15.1  1.87 

650 8  10.5  3.02 5.14  
10  14.3  2.42  
12  15.7  2.03  

Fig. 7. Axial segregation profiles of a beech wood particle (900 kg/m3) during devolatilization at (a) minimum fluidization and (b) bubbling regime.  
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takes place in a homogeneous gas phase. The authors also observed that, 
even at 850 ◦C, the bubbles ignited higher up in the bed as the air-to-fuel 
ratio decreased. This suggests that the bubbles bypass might be further 
enhanced in a bubbling fluidized bed in the case of gasification (partial 
oxidation conditions). Similar results were also found by other re-
searchers [55–57]. It is important to note that the studies mentioned 
refer to air and combustible gas that are pre-mixed before the injection 
into the bed at high temperature. In the present case, the in-bed ignition 
of volatiles released by the biomass particle may be further delayed since 
the oxygen must transfer from the emulsion to the bubble phase in order 
for oxidation to occur [36]. 

Fig. 8 shows the average rise velocity of the fuel particle against the 
excess fluidization velocity. 

The particle velocity does not significantly depend on the bed tem-
perature at minimum fluidization. However, as the bed starts bubbling, 
the rise velocity shows an increase, which is more evident at 600 ◦C and 
650 ◦C. At these two temperatures, the more vigorous release of volatiles 
from the particle produces larger endogenous bubbles, as predicted by 
Eq. (11). At 600 and 650 ◦C, the mean rise velocity of the fuel particle in 
bubbling regime is between 4 and 5 times greater than that measured at 
minimum fluidization. Several authors observed that a fuel particle in a 
bed at ambient temperature segregates slower than a reacting one under 
thermal conversion conditions due to the presence of endogenous bub-
bles [2,14,17,18]. Rees et al. [58] investigated the behaviour of a 
buoyant sphere in a bubbling bed at room temperature and found that its 
mean rise velocity increased with the excess gas velocity between 5 and 
20 mm/s for a sphere of 9 mm diameter and 900 kg/m3 and similar 
hydrodynamic conditions as those used in this work. Fig. 8 also shows 
that the rise velocity of the biomass particle varies in the range of 
19–219 mm/s, which is much higher than that found in [58], confirming 
the great influence of endogenous bubbles on the dynamic behaviour of 
the fuel particle. Furthermore, Rees et al. [17] found that the time of rise 
of different types of feedstock is independent of the fuel size at tem-
peratures between 700 and 900 ◦C. Although the authors investigated 
the phenomenon in slugging regime, a similar behaviour can be 
observed in the bubbling regime and temperature range used in this 
study (Fig. 8). There is no significant difference between fuel particle 
rise velocities obtained under inert and oxidizing conditions. This 
further confirms that the magnitude of the lift force is not significantly 
affected by the fluidizing gas used and the endogenous bubbles tend to 
bypass the solids of the bed and react in the freeboard of the reactor [2]. 

4.3. Particle conversion and behaviour at the bed surface/splash zone 

In this section, we attempt to describe the behaviour of the biomass 
particle at the surface of the bed, and the link between segregation and 

Fig. 8. Mean rise velocity of fuel particle (900 kg/m3) vs excess fluidization velocity.  

Fig. 9. Deconvoluted concentration profile of CO2 during oxidation of an 8 mm 
beech wood particle at 600 ◦C and minimum fluidization velocity. 

Fig. 10. Predicted change of biomass particle diameter as a function of time 
at 600 ◦C. 
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particle conversion during oxidation experiments. Fig. 9 shows the CO2 
concentration profile during a combustion test. The effect of the 
deconvolution can be observed from the graph, as the curve goes below 
zero. This depends on the magnitude of the response time of the system. 
Large response times correspond to greater undershoots. 

As also observed by several researchers, the curve can be seen as the 
composition of two different curves. The first one is associated with the 
devolatilization time, which was used to develop the kinetics of devo-
latilization and obtain values for k in Eq. (2), while the second curve 
corresponds to the burnout of the residual char [17,59]. 

Fig. 10 shows the change of the particle’s diameter over time, as 
predicted by the shrinking particle model (Eq. (3)). Graphs for the other 
operating temperatures investigated are not reported to avoid redun-
dancy, as the trends appear to be similar. 

The particle size decreases over time due to the reaction with oxygen. 
The slope increases as the initial fuel particle’s size decreases. From 
these graphs, it is possible to determine the predicted time of char 
burnout (or complete particle conversion) as the time needed for the 
particle size to reach zero. Fig. 11 shows the predictive capability of the 
shrinking particle model. The error bars represent the standard devia-
tion calculated from 6 observations at each initial particle size and 
temperature tested. 

The experimental particles’ burnout time varied between 167 and 
353 s, depending on initial size and operating temperature. Generally, 
the experimental points are in good agreement with the calculated 
values. However, a great variability can be observed for some of the 
values. These differences can be attributed to the fragmentation and 
comminution mechanisms, i.e., continuous change in particles size and 
shape, which typically occurs during thermochemical conversions in 
fluidized bed reactors [45,60,61]. As a consequence, the burnout time is 
affected. Furthermore, in the present case the particle breakage may be 
further promoted by the presence of the hole in the samples, which in-
troduces a fragility in the material. 

The overall density of the fuel particle changes over time, owing to 
the loss of volatile matter, the shrinking of char and the presence of a 
lead tracer inside the particle. Because of the assumptions of progressive 
shrinking model made previously, the particle density can be assumed to 
vary according to the following equation: 

ρp(t) =
ρvd3

v + ρc(d
3
c − d3

v ) + 6ml/π
d3

c
(21) 

Fig. 12 shows experimental and predicted axial segregation profiles 

Fig. 11. Predictive capabilities of the shrinking particle model.  

Fig. 12. Experimental and predicted locations within the fluidized bed for different particle densities at 2Umf.  
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for other particle densities investigated. 
The biomass particle settled at the surface of the bed for the entire 

time of observation, regardless the change of density occurred during its 
decomposition. The model developed is in good agreement with the 
experimental results. However, a different behaviour can be observed 
for the heaviest particles investigated, as shown in Fig. 13. 

For the initial particle density of 1012 kg/m3 (Fig. 13-a), it was 
observed that the experimental axial profile presents many fluctuations 
when the fuel particle is at the surface/splash region of the bed. In this 
case, the particle was also found either above (splash zone) or slightly 
underneath the surface. This is due to the eruption of exogenous bubbles 
at the bed surface, which generates a more vigorous motion than that 
observed when the particle is fully immersed within the bed, starting 
from about 17 s of operation. On the other hand, for the larger densities 
of 1151 and 1157 kg/m3, the same behaviour is not observed, as they are 
less likely to be dragged up to the splash zone and tend to remain 
relatively still at the surface of the bed. In all cases, the particle started 
segregating towards the bottom of the bed after about 20 – 30 s from the 
feeding instant. The model appears to fail in predicting the time at which 
the fuel particle sinks. However, an interesting behaviour can be 
observed for the largest particle density in Fig. 13-c. At about 25 s from 
the start of the experiment, the lead tracer broke into two pieces and one 
of them was bigger than the other. As a result, it was possible to track the 
two different tracers, one of which sank (largest piece, L1), whilst the 
other one kept floating on the surface of the bed (smallest piece, L2). A 
possible reason to explain this behaviour is that the lead tracer used to 
make this high-density sample was relatively larger than the other 
tracers and it was highly deformed when pushed into the sample. This 
might have generated mechanical stress and weak regions within the 
structure of the tracer which, with the help of the high operational 
temperature, softened and separated. It is likely that the splitting of the 
lead was possible to observe because the fuel particle was not able to 
hold the tracer together as a result of its shrinkage and breakage during 
the operation. On the other hand, the biomass and char fragments 
probably remained at the bed surface due to their relatively low density. 
From this observation it is not possible to conclude that the sinking 
observed in Fig. 13-a and Fig. 13-b was caused by an increase of the 
density of the fuel particle over time, but it might be a consequence of 
the breakage of the fuel particles which lost the lead tracer within. It is 
important to remind that the X-ray technique used in this study does not 
allow to visualize the biomass particles, but only the lead tracers, due to 
the high attenuation of the X-ray beam provided by this material. These 
observations support the discrepancies discussed previously about the 
time of burnout of the biomass particle (Fig. 11). Nevertheless, further 
investigation is required to implement phenomena of particle breakage/ 
fragmentation in the model to improve the accuracy of the predictions. 
This might be particularly important when many fuel particles are 
present within the fluidized bed, where the fragmentation can be even 
more likely to occur, owing to the multiple collisions that the particles 
can experience. 

5. Conclusions 

The behaviour of a reacting biomass particle in a fluidized bed has 
been investigated from both experimental and modelling perspectives. 
Advanced X-ray imaging techniques were used to investigate the release 
of volatiles from a single biomass particle and its interaction with a 
fluidized bed either during pure pyrolysis or under oxidizing conditions. 
Experimental results showed that the oxidizing nature of the fluidizing 
medium does not significantly affect the endogenous bubbles’ proper-
ties, as well as the motion of the fuel particle itself within the fluidized 
bed. Volatiles burn when they are well mixed with the fluidizing gas in 
the emulsion phase, so that the production of volatiles and of endoge-
nous bubbles is only slightly affected by the presence of oxygen in the 
fluidizing agent, as observed by other researchers. Measurements of the 
size of endogenous bubbles obtained from X-ray images at minimum 

Fig. 13. Experimental and predicted axial segregation profiles for the heaviest 
biomass particles investigated at 600 ◦C and 2Umf. (a) ρpi = 1012 kg/m3; (b) ρpi 
= 1151 kg/m3; (c) ρpi = 1157 kg/m3. 
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fluidization were used to quantify the lift effect acting on the fuel par-
ticle. The one-dimensional mathematical model showed accurate pre-
dictive capabilities for both minimum and bubbling fluidization 
conditions. At these temperatures, the mean rise velocity of the fuel 
particle in bubbling regime is about 4 times greater than that measured 
at minimum fluidization. Particle burnout time measured under 
oxidizing conditions is in good agreement with the predicted values 
obtained from a shrinking particle model, ranging from 167 to 353 s, 
depending on initial particle size and operating temperature. Slightly 
large standard deviations observed for some conditions might be asso-
ciated with comminution and fragmentation phenomena that particles 
experience during decomposition, which cause changes in both shape 
and size. These phenomena could be clearly observed during the ex-
periments with the high-density particles. In all cases, it was possible to 
observe that the heavy lead tracer sank between 20 and 30 s from the 
beginning of the experiment. This behaviour was attributed to the 
breakage of the fuel particle. 

Further investigation is needed to better understand the effect of 
exogenous bubbles and their interaction with volatile matter on the 
behaviour of feedstock particles in fluidized beds, as well as the effect 
and frequency of fragmentation of the fuel particles. This may need the 
development of different diagnostic techniques since the two- 
dimensional grey scale images collected with the X-ray facility do not 
allow to distinguish between endogenous and exogenous bubbles, and to 
visualize fragments of feedstock particles after breakage. Improving the 
level of detail and knowledge of these phenomena may help to improve 
existing models and promote the development of new predictive tech-
niques to aid the exploitation of fluidized beds in the field of thermo-
chemical conversion of solid feedstocks. 
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