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a b s t r a c t

A simple numerical model is presented to simulate the combustion of a biomass particle in a vertical
stream. Emphasis focuses on the trajectories of spherical and cylindrical particles in the furnace. Com-
bustion is modeled in three sequential stages: drying, pyrolysis and char combustion. Biomass con-
sumption is determined by correlations based on Arrhenius kinetics and mass transfer parameters.
Pyrolysis is modeled using five first-order kinetic equations considering the following products: volatiles,
char and tar. The char consumption rate is modeled by three first-order kinetic equations, considering
that char reacts with oxygen, carbon dioxide and water. The model is validated by comparing the
duration of each simulated stage against experimental data taken from the literature. It is validated for
spherical particles of up to 5 mm in diameter using a shrinking core model and for cylindrical particles of
up to 3 mm using an ash-segregated model. Particle trajectory results are presented in order to deter-
mine the geometry and functional parameters of the combustion chamber that ensure complete
suspension-firing. The combustion chamber geometry and biomass distributor height are determined as
a function of airflow velocity and biomass characteristics for the combustion of bagasse with moisture
contents of 30%e50% and particle diameters of 0.5 mme3.5 mm. This study also allows the airflow
velocity to be determined based on the boiler dimensions and the biomass characteristics to ensure that
no particle ends up on the grate. After establishing the velocity, it is possible to determine what particle
size will reach the top of the chamber or burn completely in suspension.

© 2017 Elsevier Ltd. All rights reserved.
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Nomenclature

Ap Particle projected area, m2

As Particle surface area, m2

cp Specific heat at constant pressure, J kg�1K�1

CD Drag coefficient
dp Particle diameter, m
D Mass diffusivity, m2s�1

Ea Activation energy, J mol�1

FE Buoyancy force, N
FD Drag force, N
fp;i View factor particle-surface i
G Gravitational acceleration, m s�2

H Sensible specific enthalpy specie i, J kg�1

hl Latent specific enthalpy, J kg�1

hqj Chemical specific enthalpy reaction j, J kg�1

h Coefficient of thermal convection, W m�2K�1

hm Coefficient of mass convection, m s�1

kc Conductivity W m�1K�1

K Kinetic coefficient
k0 Arrhenius' Frequency factor
Lp Particle length, m
M Molecular mass, kg mol�1

M Mass, kg
m0 Initial mass, kg
_m Mass rate, kg s�1

N Reactant stoichiometric ratio
Nud Nusselt's number based on particle diameter
Pr Prandtl's number based on particle diameter
Ped P�eclet's number based on particle diameter
rp Particle radio, m
R Universal gas constant, J mol�1K�1

Red Reynolds' number

Shd Sherwood's number
Sc Schmidt's number
T Absolute temperature, K
Tref Reference temperature, K
Um Global coefficient of mass transport, m s�1

v Velocity, m s�1

YC Initial fixed carbon in mass fraction
X Molar fraction

Greek letters
a Absorbance
ε Porosity
l Air fuel equivalence ratio
m Dynamic viscosity, kg m�1s�1

n Cinematic viscosity, m2s�1

r Density, kg m�3

s Stefan-Boltzmann constant, W m�2K�4

t Tortuosity

Subscripts
c Char
b biomass
g Furnace environment gas
H2O Water
mix Gas mixture
p Particle
s Surface
sp Surrounding particles
tar Tar
vol Volatiles
i specie i
j reaction j

Fig. 1. Bagasse boiler - functional diagram.
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1. Introduction

The design of industrial boilers requires optimum understand-
ing of the different phenomena that occur during the combustion of
a biomass particle. Such knowledge contributes to improve
constructive and functional parameters pertaining to biomass feed,
air injection and combustion itself. In the earliest bagasse boiler
models, the main combustion took place on the grate and involved
large amounts of unburned residues that had to be removed from
the boiler. Since then, biomass combustion systems have evolved
continually to achieve suspension-firing of biomass, with a smaller
fraction of grate-firing. This is possible because of secondary air
injection heating, as shown in Fig.1 [1]. The vastmajority of bagasse
boilers employed in Brazils sugar and alcohol industry use inter-
mittently moving grates or water cooled pinhole grates. The
bagasse is fed into the furnace mechanically or by gravity and the
distribution of bagasse in the chamber is usually improved by
means of air jets. The smaller particles are dragged by the gases and
the combustion process takes place in suspension. However, larger
particles settle onto the grate and the combustion process takes
place in a fixed bed regime [2].

Particle combustion begins when the bagasse comes into con-
tact with the hot gases, and involves three main stages: drying,
devolatilization and char combustion. In general, the devolatiliza-
tion stage is modeled as pyrolysis. The stages can be simultaneous
or sequential, depending on particle size and shape [3]. Most
studies have used simultaneous-stage models in which drying and
oxidation occur in infinitesimal layers, while pyrolysis takes place
in a finite volume considering local thermal equilibrium. In those
models, the biomass is divided into four different zones: unreacted
wet biomass, pyrolytic zone, unburned char, and ashen zone [4,5].
Other models consider that the last two stages may be
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simultaneous or sequential, depending on the oxygen concentra-
tion at the particle surface [6]. In the pyrolytic stage, the combus-
tion of the volatiles can reduce the amount of oxygen at the particle
surface to zero. Consequently, the combustion of volatiles takes
place away from the particle and the combustion of char cannot
occur [7].

Some authors model the drying process based on mass trans-
port due to the differences in partial pressure, in which the particle
temperature is determined by heat transfer [3,8]. Other authors
model the drying process based on a drying front, which is deter-
mined by the temperature and enthalpy of evaporation [4,5].

Thermochemical processes such as pyrolysis, gasification and
combustion involve numerous combined phenomena such as ho-
mogeneous and heterogeneous chemical reactions, heat transfer,
mass and momentum transport [9,10]. The reactions between two
stable chemical species are a complex combination of many
elementary reactions. The sequence of these reactions is defined as
chain reaction mechanisms that are constituted bymany series and
parallel reactions [10,11]. In many types of reactions, the reaction
rate a, related to mass change or reagent volume, can be deter-
mined as a function of Arrhenius parameters (k0, Ea), absolute
temperature (T) and composition.

Pyrolysis is the most complex stage. Its kinetics can be modeled
from a single global equation to complex models with hundreds of
parallel and series equations representing complex reaction
mechanisms. Some authors consider that biomass undergoes pri-
mary decomposition into volatiles, tar and char, and secondary
decomposition of tar into volatiles and char [3,12]. Other authors
consider a similar process in which the biomass decomposes into
noncondensable gases, condensable gases and char [4,6,8]. The
main noncondensable gases are CO, CO2, CH4 and H2. The con-
densable gases can be represented by their elemental composition
CxHyOz [6]. Furthermore, secondary decomposition of condensable
gases into noncondensable gases can be considered [13]. Biomass
pyrolysis can also be modeled by the parallel decomposition of its
main components: lignin, cellulose, hemicellulose and extractives
[5,14].

More complex models consider the decomposition in a larger
number of species. These models are defined as Structural Models
and an example of this is the Functional Groups model. This model
considers decomposition into the following components: non-
volatilizable carbon, hydrogen abstraction by tar, light volatiles
(CO2, CO, H2O), light and heavy hydrocarbons (CH4, C2H4, C2H6,
C3H6, C3H8), and hydrogen (H2). Here, the consumption and for-
mation of the different components are determined from a first
order kinetic equation based on the Arrhenius parameters, tem-
perature and composition [15e17].

The majority of studies model char combustion as direct com-
bustionwith O2 and gasificationwithH2O and CO2 as reactants. The
reaction kinetics depends on the Arrhenius parameters, tempera-
ture, pressure, and on the concentration of reactants [3,5,18]. At this
point, it is necessary to define the model for ash behavior. Two
cases are considered in this paper: the shrinking-core model [3e5]
and the ash-segregated model [7,19]. In the first model, the ashes
adhere to the surface, forming a layer that hinders heat and mass
transfer. The second model considers that the ashes are in the form
of small loose particles that are detached from the particle.
Therefore, the core is always exposed to environmental gases [10].

Some experimental works describe the evolution of biomass
particle combustion based on images captured with a high-speed
camera [20e22], and use those images to validate the model of
both spherical and cylindrical particles.

The aim of this work is to develop a simple numerical model to
simulate the combustion of biomass particles and their trajectory in
order to determine the vertical dimensions of the combustion
chamber that will ensure suspension-firing. The main stages are
considered to be sequential. For the drying and char combustions
stages, the particle is selected as a single control volume. Devola-
tilization is modeled as pyrolysis by discretizing the particle into
small volumes. The trajectory of the particle is also modeled in a
one-dimensional scheme in order to analyze its flight path in an air
flow when it burns. Based on these results, the combustion
chamber geometry and biomass distributor height are determined
as a function of airflow velocity and biomass characteristics. This
study also allows the airflow velocity to be determined based on
the boiler dimensions and the biomass characteristics to ensure
that no particle ends up on the grate. After establishing the velocity,
it is possible to determine what particle size will reach the top of
the chamber or burn completely in suspension.
2. Mathematical model of a single particle

In this paper, the combustion of a single particle suspended in a
one-dimensional flow is modeled considering both cylindrical and
spherical cases. The model is developed in three sequential steps:
1) drying, 2) pyrolysis and volatile combustion, and 3) char gasifi-
cation and char combustion. The drying step is determined by en-
ergy balance assuming an evaporation temperature of 100 �C at the
particle surface. Pyrolysis is modeled by five first-order kinetic
equations based on Arrhenius parameters representing volatiles,
char and tar formation, and tar decomposition in volatiles and char.
The volatiles represent noncondensable gases while the tar repre-
sents condensable gases. Char combustion is modeled by three
first-order global kinetic equations based on Arrhenius parameters
that represent direct char oxidation and char gasification with H2O
and CO2, differentiating between ash-segregated diffusion and
shrinking-core models.
2.1. Energy balance

Kinetic reactions are strongly dependent on the particle's tem-
perature; hence, before analyzing each stage, we describe the
general energy balance applied to the particle in equation (1). It is
assumed that work is zero, heat transfer occurs by convection and
radiation, and pressure on the particle is constant and equal to
chamber pressure.

mp cp
dTp
dt

þ dmp

dt
cp

�
Tp � Tref

�
¼ A s

hX
fp;i εp

�
T4i � T4p

�
þ
�
εgT4g � agT4p

�i
þ A h

�
Tg � Tp

�� _mH2Ohfg

þ
X
i

_mihþ
X
j

_mjDh
q
j

(1)

The first term at the right represents heat transfer by radiation
to surrounding surfaces and gases. The second term represents heat
transfer by convection. The third term represents the latent energy,
while the fourth represents the energy leaving the control volume
by mass flux through the boundaries, and the last term represents
the chemical energy released by each reaction j. The emissivity, εg ,
and absorptivity of the gases, ag , are determined by the correlations
presented by Leckner et al. [23], based on Hottels method. Heat
transfer by convection is modeled by the correlations presented in
Bejan and Kraus [24], equation (2) for spheres, equation (3)
(Ped >0;2) and equation (4) (Ped <0;2) for cylinder shapes.
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h dp
kc

¼ 2þ
�
0;4 Re1=2d þ 0;06 Re2=3d

�
Pr0;4

�
m∞
mw

�1=4

(2)

h dp
kc

¼ 0;3þ 0;62 Re1=2d Pr1=3h
1þ ð0;4=PrÞ2=3

i1=4
"
1þ

�
Red

282:000

�5=8
#4=5

(3)

h dp
kc

¼ 1
0;8237� 0;5 lnðPeDÞ

(4)

2.2. Drying

The drying rate is determined based on the energy balance,
assuming a particle evaporation temperature of 100 �C, as pre-
sented in equation (5).

_mH2O
hfg
Ap

¼ s
h
εp

�
T4w � T4p

�
þ
�
εgT4g � agT4p

�i
þ h

�
Tg � Tp

�
(5)

In this stage, an unexposed core model is considered in which
the heat and mass transfer rates are relatively rapid, determining a
homogeneous intraparticle temperature and instantaneous species
diffusion.

2.3. Pyrolysis

Devolatilization is modeled as fast pyrolysis, based on five global
reactions presented in Table 1, whose respective mass reaction
rates are presented in equations (6)e(9). These reactions corre-
spond to the biomass consumption rate, tar formation and
decomposition rates, and char and volatile formation rates. This
stage requires working with a one-dimensional finite volume
approach inside the particle because it improves the results
considerably. Equation (10) represents the kinetic coefficient k as a
function of the Arrhenius parameters k0 and Ea for each reaction.

dmb

dt
¼ �ðk1 þ k2 þ k3Þmb (6)

dmtar

dt
¼ k2 mb � ðk5 þ k4Þmtar (7)

dmc

dt
¼ k3 mb þ k5 mtar (8)

dmvol

dt
¼ k1 mb þ k4 mtar (9)

kj ¼ k0j exp
�
� Eaj
R T

�
(10)
Table 1
Kinetic parameters of pyrolysis.

Index Reaction Eaj ðkJ mol�1Þ k0jðs�1Þ Ref.

1 biomass/volatiles 177.0 1:11� 1011 [25]
2 biomass/tar 149.0 9:28� 109 [25]
3 biomass/char 125.0 3:05� 107 [25]
4 tar/volatiles 107.5 4:28� 106 [26]
5 tar/char 107.5 1:00� 106 [3,12]
The combustion of volatiles is modeled as a sheet of flame with
one infinitely fast global reaction in the stoichiometric ratio [18].
Hence, the concentration of oxygen and volatile fuel in the flame
are considered zero. The flame front is modeled as a sphere in
spherical particles and as a cylinder without ends in cylindrical
particles. Equation (11) represents the general stoichiometric
equation of pyrolysis including the combustion of volatiles. This
equation is only used to determine the composition of volatiles that
leave the control volume. It is considered that the tar reacts
completely, turning into char and volatiles. With regard to energy
balance, an intermediate amount of tar is considered at each
instant, depending on the kinetic equations. The volatiles are
modeled based on the expression Ca=12 Hb Oc=16 Nd=14, in which a,
b, c and d represent the amount of each element considering the
same elemental composition of the biomass without the amount of
fixed carbon. This hypothesis is used to simplify the model, because
otherwise one kinetic equation would be needed for each product,
expanding the system into dozens of equations.

C a
12
HbO c

16
N d

14
þ
�
a
12

þ b
4
� c
32

	
ðO2 þ 3;76N2Þ/

a
12

CO2 þ
b
2
H2O

þ


3:76

�
a
12

þ b
4
� c
32

	
þ d
28

�
N2

(11)

_mO2
¼ �

�
a
12

þ b
4
� c
32

	
MO2

dmvol

dt
(12)

_mCO2
¼ a

12
MCO2

dmvol

dt
(13)

_mH2O ¼ b
2
MH2O

dmvol
dt

(14)

The reaction and species transfer rates determine the location of
the volatile flame: at the surface or away from it. After determining
the mass flow rates from equation (9) and equations (12)e(14), it is
necessary to determine where the flame occurs. It will be within
the radius in which the mass flow of oxygen carried by convection
equals the amount of oxygen required for the combustion of the
volatiles. If this radius is smaller than the particle radius, the
combustion occurs at the surface; otherwise, it occurs within the
given radius. Equation (15) gives the mass of oxygen transferred by
convection from a remote distance to the flame.

_mO2
¼ A hm

�
X∞O2 � XchO2

�
rmix

MO2

Mmix
(15)

The convection mass transport coefficient is determined by
equation (16) (3;5<Red <7;6� 104) for spherical particles, and by
equation (17) (Red Sc>0;2) and equation (18) (Red Sc<0;2) for
cylindrical particles [24].

hm dp
D

¼ 2þ
�
0;4 Re1=2d þ 0;06 Re2=3d

�
Sc0;4 (16)

hm dp
D

¼ 0;3þ 0;62 Re1=2d Sc1=3h
1þ ð0;4=ScÞ2=3

i1=4
"
1þ

�
Red

282:000

�5=8
#4=5

(17)

hm dp
D

¼ 1
0;8237� 0;5 lnðRed ScÞ

(18)



G. Navarrete Cereijo et al. / Biomass and Bioenergy 99 (2017) 38e4842
Particle temperature is determined by calculating an energy
balance for each control volume. The chemical energy of the py-
rolysis reaction, including the five reactions listed in Table 1, are
determined by equation (19), which is valid for an initial fixed
carbon content of less than 27% [27]. Each balance includes the
sensible energy of the biomass, tar, and volatiles.

Dhq ¼ �1460 YC þ 538 ð1� YCÞ (19)

2.4. Char combustion

The char combustion stage is modeled as a direct combustion
with O2 and parallel gasificationwith CO2 andH2O as reactants. The
kinetic equations for each reaction are modeled by equation (20),
based on the Arrhenius law. This equation models the mass flow of
carbon being consumed as a function of the absolute particle
temperature and reactant mole fraction at the surface. The Arrhe-
nius parameters for each equation are presented in Table 2.

_mC;j ¼ Ask0i exp
�
� Eai
RTs

�
MC

ni

p
R Ts

Xi;s (20)

The mole fractions at the surface are determined by the species
mass balance (equations (21)e(23)) andmass transport. To simplify
themodel, it is considered that the carbonmonoxide andmolecular
hydrogen produced during gasification are burned far away from
the particle.

_mO2
¼ �MO2

MC
nO2

_mC;6 (21)

_mCO2
¼ MCO2

MC

�
_mC;6 � _mC;7

�
nCO2

(22)

_mCO ¼ nCO
MCO

MC

�
2 _mC;7 þmC;8

�
(23)

_mH2O ¼ �nH2O
MH2O

MC
_mC;8 (24)

The transport of each species is modeled by mass convection
away from the particle and diffusion through the inert layer by
equation (25).

_mi ¼ As Um
�
Xi;s � Xi;∞

�
r

Mi

Mmix
(25)

Xis and Xi∞ are the molar fractions of each species at the particle
surface and in the reservoir, respectively. Um represents the global
mass transfer coefficient determined by equations (26) and (27) for
spherical and cylindrical shapes, respectively.

1
Um

¼ r22
Dm

�
1
r1

� 1
r2

�
þ 1
hm

(26)
Table 2
Kinetic parameters of char reactions.

Index Reaction Eaj ðkJ mol�1Þ k0jðm s�1Þ Ref.

6 C þ O2/CO2 68.0 4:65� 104 [28]
7 C þ CO2/2CO 138.0 7:37� 103 [29]
8 C þ H2O/COþ H2 138.0 7:37� 103 [29]
1
Um

¼ r2
r1 hm

þ r2
Dm

lnðr2=r1Þ (27)

The convective mass transfer coefficient hm is determined from
equations (16)e(18), depending on the flow conditions and particle
shape. Intraparticle diffusivity is determined by equation (28) as a
function of particle porosity and tortuosity. Tortuosity is defined as
the ratio of the effective length of the flow path to the length in the
porous sample [30]. This parameter is taken into account in the
shrinking core model, and according to de Souza-Santos [10], tor-
tuosity can be approximated as the inverse of porosity. In the ash-
segregated model, the global mass transfer coefficient Um is
modeled by the convective mass transfer coefficient hm. In equation
(28), diffusion is presented as a function of the selected ash model.

Dm ¼ ε Dg

t
(28)

Dm ¼



∞ ash� segregated model
ε
2 Dgas shrinking core model (29)

By solving the equation system, the mass of char being burned
can be calculated directly as a function of known parameters, using
equations (30)e(32). The term outside the parenthesis represents
the mass transfer coefficient including diffusion, convection and
kinetic parameters. The term inside the parenthesis represents the
number of species i that come from outside the particle. In equation
(31), a second term must be included to represent the CO2 formed
in reaction 6.

_mC;6 ¼ k6 Um

k6 þ Um

�
As

MC

nO2

p
RTs

XO2∞

	
(30)

_mC;7 ¼ k7 Um

k7 þ Um

�
As

MC

nCO2

p
RTs

XCO2∞ þ _mC;6

Um

	
(31)

_mC;8 ¼ k8 Um

k8 þ Um

�
As

MC

nH2O

p
R Ts

XH2O∞

	
(32)

The particle temperature is considered homogeneous and is
determined by solving the energy balance presented in equation
(1). The energies of the chemical reactions are determined from the
formation enthalpies, considering carbon as a pure substance [31].
The specific enthalpy of each chemical reaction is described in
Table 3.

2.5. One-dimensional particle trajectory

The particle trajectory is determined by the balance of forces
applied to the particle, as illustrated in Fig. 2. The forces considered
here are weight, drag, FD, and buoyancy, FE .

mp
dvp
dt

þ �
vh � vp

� d _mp

dt
¼ FE þ FD �mp g (33)

Assuming that the burned gas velocity, vh, is equal to the particle
velocity, vp, the expressions of forces are substituted as follows:
Table 3
Char reactions and chemical energies at 25 �C.

Index Reaction DhqC;jðkJ kg�1Þ

6 C þ O2/CO2 32 814.7
7 C þ CO2/2CO �14 381.8
8 C þ H2O/COþ H2 �10 949.3



Fig. 2. Forces diagram applied to the particle [32].
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mp
dvp
dt

¼ Vp g
�
rg � rp

�
þ 1
2
rf
�
vg � vp

�2Ap CD (34)

The drag coefficient, CD, is modeled by equation (35) for
Rep <2;6� 105. The parameters A, B, C, D depend on the particle
sphericity, f [33].

CD ¼ 24
Rep

�
1þ A ReBp

�
þ C
1þ D

Rep

(35)

To apply this balance requires knowledge about some of the
dimensional characteristics of the particle, such as length, Lp, pro-
jected area, Ap, and density, rp, as a function of particle diameter, dp.
Table 4 and equations (36)e(38) present results and correlations for
these characteristics, based on the result obtained by Lenço [32] for
a typical sugarcane bagasse particle size distribution.

Lp ¼ 3;827 dp � 0;414� 10�3 (36)

Ap ¼ �105;9� 103d4p þ 480;2 d3p þ 1;6246d2p þþ 0;9941

� 10�3dp � 0;2173� 10�6

(37)

rp ¼ �21;135
�
1000 dp

�3 þ 205;37
�
1000 dp

�2þ
�556;59

�
1000 dp

�þ 632;09
(38)
Table 5
Characterization of biomass and experimental conditions.

Parameters Basis Eucalyptus Pine Willow

Ultimate analysis (mass fraction)
C daf 49.2% 47.4% 50.8%
H daf 5.6% 5.3% 6.0%
O daf 45.1% 45.9% 42.7%
N daf 0.1% 1.3% 0.4%
Proximate analysis (mass fraction)
2.6. Validation

A simple and fast Fortran routine, BPSC-Sim, was developed to
study the combustion of a single biomass particle [34]. The model
was validated comparing the prediction times for each stage with
experimental data taken from the literature, considering spherical
and cylindrical particles.

For spherical particles, the combustion times of each stage ob-
tained by the model were compared with the experimental results
presented by Mason et al. [22] for eucalyptus, pine and willow. The
characterization of these biomass and the experimental conditions
are described in Table 5. As can be seen in Fig. 3, the model was
Table 4
Dimensional characterization of bagasse. Moisture content: 7.5% wet basis [32].

Mass fraction Apðmm2Þ LpðmmÞ dpðmmÞ rpðkg m�3Þ

14.8% 0.19 0.54 0.28 503.04
9.90% 2.27 2.57 0.90 259.57
17.7% 7.65 6.18 1.75 185.02
21.3% 8.77 6.96 1.78 217.81
10.9% 21.46 11.66 2.98 225.82
6.10% 33.81 14.46 4.05 239.55
19.3% 59.48 17.21 4.09 429.15
validated for particles with a diameter of up to 5 mm for the three
biomasses, and the best fit was obtained by using the shrinking
core model.

The combustion times for cylindrical particles were validated by
comparing them with the experimental results presented by
Momeni et al. [21]. Table 6 describes the characterization of the
biomasses and the experimental conditions. As Fig. 4 shows, the
ash-segregated model presented better results for cylindrical par-
ticles, and was validated reasonably well for particles with a
diameter of up to 3 mm and a length of up to 18 mm.

With regard to surface temperature and mass consumption, it is
difficult to obtain experimental results at high heating rates and
with small particles because the combustion process is so fast.
However, some results for mass evolution as a function of time have
shown that the slope of each stage of combustion can be considered
constant [2,3,6,19]. In Fig. 5, the evolution of specific mass
(measured) and temperature (simulated) for 0.24 mm straw par-
ticles reported by Saastamoinen et al. [19] is compared with the
present model, where the specific mass is the rate of mass and
initial mass of the particle. The simulation was made based on the
characterization of biomasses and experimental conditions
described in Table 7. The mass evolution fits well with the experi-
mental; however, the evolution of surface temperature shows a
different behavior, mainly in the pyrolysis stage and in the transi-
tion to the char combustion stage. The maximum temperature is
similar and corresponds to the char combustion stage. The differ-
ence in the temperature of the pyrolysis stage was attributed to the
sequential stages of the model. In the real process, the outer layers
of char begin to burn before the end of the pyrolysis stage, so the
surface is the first part that is pyrolyzed, immediately leading to
char combustion, causing high temperatures at the surface. To take
this behavior into account one must consider simultaneous pro-
cesses inside the particle.

In summary, the evolution of time and mass of spherical parti-
cles with diameters of up to 5 mm was validated using the
shrinking core model and that of cylindrical particles of up to 3 mm
using the ash-segregated model.
3. Results

This section presents the evolution of mass and temperature of
the bagasse combustion process and the study of particle velocity
and trajectory. The conditions of the simulation are described in
Volatile content daf 82.5% 82.5% 83.6%
Fixed carbon daf 17.5% 17.5% 16.4%
Ash dry 0.9% 2.0% 1.9%
Other characteristics

Density (kg m�3) dry 670 480 520

GCV(MJ kg�1) dry 19.4 18.6 19.8

Parameters Symbol Value Unit

View factor particle-walls fp;w 1 e

Walls temperature Tw 1173 K
Gas temperature Tg 1823 K
Air fuel equivalence ratio l 2.5 e

Source: Mason et al. et al. [22].



Fig. 3. Model duration of the different stages compared with experimental data for spherical particles from Mason et al. [22]. ar: as received basis.

Table 6
Characterization of biomass and experimental conditions.

Parameter Value Basis

Ultimate analysis (mass fraction)
C 45.8% daf
H 5.95% daf
O 47.9% daf
N 0.4% daf
Proximate analysis (mass fraction)
Volatile content 85.6% daf
Fixed carbon 14.4% daf
Ash 0.3% dry
Other characteristics

Density (kg m�3) 600 dry

GCV(MJ kg�1) 16.98 dry

Parameter Value Unit

View factor particle-walls 1 e

Walls temperature 1473 K
Gas temperature 1673 K
Air fuel equivalence ratio 1.36 e

Source: Momeni et al. [21].
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Tables 8 and 9. The only interaction with other particles is
considered to occur through heat transfer by radiation.

Fig. 6 illustrates the evolution of temperature and specific mass
of spherical and cylindrical (bagasse) particles using the ash
shrinking core and ash-segregated models, respectively. The three
main stages were determined based on the changes in the slope of
the mass evolution curve and the breaks in the temperature curve.
Note the initial heating ramp up to the drying temperature, fol-
lowed by a constant temperature during this stage, and then
another heating ramp without any reaction up to the pyrolysis
temperature. Pyrolysis begins within the range of 800e900 K and
ends at 1200 K. These high temperatures are a consequence of the
high heating determined by the neighboring conditions. Finally,
note the onset of char combustion, which is characterized by a
rapid rise in temperature until it stabilizes. The amount of residual
char after pyrolysis should be less than that remaining in the
proximate analysis, in which the conditions are optimal to obtain a
high amount of carbon.

To analyze the particle trajectory and velocity, results are pre-
sented based on variations in particle shape and size, air velocity
and moisture. The other functional parameters are kept fixed, as
listed in Table 8.

Fig. 7 depicts particle trajectory and velocity curves for different
particle sizes and shapes. Smaller particles tend to be dragged
during the entire combustion process, while larger ones tend to
settle during the initial stages. When the forces of drag and buoy-
ancy are greater than the weight as a result of the consumption of
mass without change in the particle size, the particles begin to be
dragged.

The difference between the greatest and smallest heights
reached by the particle must be taken into account in order to
determine the geometry of the chamber. The location of the
biomass distributor is determined based on the absolute value of
theminimumheight. Fig. 8 presents these limits as a function of the
airflow velocity, size and moisture content of cylindrical particles.
This figure shows the dimensions based on only one particle size, so
they are not representative of the whole group of bagasse particle
shapes and sizes.

To determine the chambers dimensions for a set of diameters,
the maximum (> 0) and minimum (< 0) height that the group of
particles can reach at each air velocity must be considered. The
absolute value of the minimum height determines the distributor
height and the difference between the maximum and the



Fig. 4. Cylindrical particles compared with experimental results from Momeni et al. [21].

Fig. 5. Model mass evolution compared with experimental result and model tem-
perature evolution compared with simulation results from Saastamoinen et al. [19].

Table 7
Characterization of biomass and experimental conditions.

Parameter Value Basis

Ultimate analysis (mass fraction)
C 44.0% daf
H 5.5% daf
O 50.17% daf
N 0.33% daf
Proximate analysis (mass fraction)
Volatile content 83.2% daf
Fixed carbon 16.8% daf
Ash 0.5% dry
Other characteristics

Density (kg m�3) 500 dry

GCV(MJ kg�1) 19.78 dry

Parameter Value Unit

View factor particle-walls 1 e

Walls temperature 1123 K
Gas temperature 1173 K
Air fuel equivalence ratio 1.36 e

Source: Saastamoinen et al. [19].

Table 8
Fixed functional parameters.

Parameter Symbol Value Unit

View factor particle-walls fp;w 0.2 e

Walls temperature Tw 550 K
Surrounding particles mean temperature Tsp 1173 K
View factor particle-surrounding particles fp;sp 0.8 e

Gas temperature Tg 1173 K
Air fuel equivalence ratio l 1.4 e

Pressure p 101300 Pa

Table 9
Characterization of biomass.

Parameter Value Basis Ref.

Ultimate analysis (mass fraction)
C 42.61% daf [35]
H 5.92% daf [35]
O 50.72% daf [35]
N 0.63% daf [35]
S 0.12% daf [35]
Proximate analysis (mass fraction)
Volatile content 85.97% daf [36]
Fixed carbon 14.03% daf [36]
Ash 5.20% dry [36]
Other characteristics
GCV(MJ kg�1) 17.72 dry [35]
Porosity 0.4 e estimated.
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minimum height determines the chamber height. Both heights are
presented in Fig. 9 for groups of particles ranging in diameter from
0.5 to 2.5 mm, 0.5e3.0 mm, and 0.5e3.5 mm, and three different
moisture contents.

The diagrams in Fig. 9 can also be used to determine the oper-
ating parameters for an existing boiler as a function of the furnace
dimensions and biomass characteristics. The next paragraph offers
an example of how to use the different diagrams.
Consider a boiler with a furnace height of 40 m, a biomass
distributor at a height of 20 m, burning bagasse with particle di-
ameters of up to 3.5 mm and a moisture content of 50%. The height
of the distributor was selected in order to explain the diagrams and
to facilitate suspension-firing at low air flows and high biomass
moisture content, according to Fig. 8b. If the goal is suspension
combustion, airflow velocity should be the first parameter to be
determined in order to ensure that no particle falls to a height of
less than 20 m inside the furnace. To this end, the diagram (Fig. 9a)
is marked with an Hd of 20 m and velocity is determined when it
intersects the curve of 50% moisture content. In this case, airflow
velocity is 4.35 m/s. After this, one must check whether the
chamber is sufficiently tall to enable all the particles to burn before
they reach the top. This is verified based on the air velocity and
height of the chamber. If the point is above the HT curve, all the
particles are burned in suspension, and if it is not, some particles
reach the top of the furnace. In this case, an HT of 69 m is needed,



Fig. 6. Mass and temperature evolution for spherical and cylindrical particles with 2 mm of diameter and moisture of 30%.

Fig. 7. Particle Velocity (v) and trajectory (y) for spherical and cylindrical shapes. Air flux velocity 1 m/s.

Fig. 8. a) Chamber height and b) bagasse distributor height in function of diameter and air velocity for moistures of 30%, 40% and 50% wet base.
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but the boiler has an HT of 40 m, so some particles reach the top. To
determinewhich particles reach the top of the furnace, the diagram
9 d is used. This is determined based on the air velocity (v¼ 4.35m/
s) and the difference between the height of the furnace and that of
the distributor (HT � Hd ¼ 20 m). The curves that lie above this
point determine which diameters do not burn completely in sus-
pension. In the case described here, particles with diameters larger
than 1mm do not burn completely before reaching the top.

Another point is to ensure the complete combustion of all the
particles inside the furnace. Airflow velocity is determined from the



Fig. 9. Combustion chamber height and biomass distributor height for a group of particles between: a) 0.5e3.5 mm b) 0.5e3.0 mm c) 0.5e2.5 mm, in function of air velocity and for
moistures of 30%, 40% and 50% wet base. d) Particle maximum height above the distributor in function of diameter and air velocity.

G. Navarrete Cereijo et al. / Biomass and Bioenergy 99 (2017) 38e48 47
difference between the height of the furnace and that of the
distributor (HT � Hd ¼ 20 m), using diagram 9 d. An airflow ve-
locity of 3.45 m/s is determined. This ensures that all the particles
burn completely in the furnace; however, some of them burn on the
grate. An analysis of Fig. 8b indicates that particles larger than
3.2 mm burn partially on the grate.

This example shows that the best solution is not always to burn
all the particles in suspension. The selection of the best configu-
ration also involves analyzing the rate of heat transfer to water. In
addition, a comparison of diagrams a, b and c in Fig. 9 indicates that
suspension combustion and lower air velocities in smaller furnaces
can be ensured by reducing the maximum particle diameter and
moisture content.

4. Conclusions

A simple and fast Fortran routine was developed to study the
combustion of a single biomass particle. The model was validated
for spherical particles with diameters of up to 5 mm using the
shrinking core model, and for cylindrical particles of up to 3 mm
using the ash-segregated model.

This routine enables one to determine the evolution of particle
mass, temperature and composition, in addition to other parame-
ters. However, the main novelty of this work is a graphical tool for
the design of combustion chambers based on a study of particle
trajectory. The program allows one to establish the vertical
dimensional limits of the combustion chamber in order to ensure
the particles suspension combustion. It is also possible to establish
some functional parameters, such as air flow velocity, temperature
and fuel ratio, for existing boilers which have fixed dimensions. In
such cases, it is important to determine whether the goal is to
achieve suspension combustion, or if all the particles in the furnace
should be burned, even if some of them burn on the grate.
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