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Resumen

(Growth, survival and adaptation of Bifidobacterium infantis to acidic conditions)

Los biocombustibles se consideran una fuente prometedora de energía renovable. La pirólisis utiliza calor en una atmósfera inerte
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Introduction

Fossil fuels have various disadvantages in addition to
pollution. Their principal reserves are in only a few
regions globally, and their continuous supply depends
on political, economic, or ecological factors (Bilgen,
2014). For this reason, it is essential to diversify
fuels and energy sources, resorting to abundant
renewable sources such as biofuels, solar, wind, or
geothermal energy (Bhutto et al., 2011). Biofuels
are considered a promising source of renewable
energy. A common way to obtain them is through
biomass thermochemical conversion processes, such
as pyrolysis, gasification, torrefaction, combustion,
and distillation (Weldekidan et al., 2018). Pyrolysis
uses heat in an inert atmosphere to break down
biomass and produce biofuels such as bio-oil or tar
(pyrolysis oil) and hydrogen-rich synthesis gas. The
flexibility of this process makes it possible to favor
the production of bio-oil as a fuel for heat and power
generation or to favor the production of synthesis
gas, which can be converted into hydrogen (MoralesDiaz et al., 2015, Hertwich and Zhang, 2009, PalmayParedes et al., 2021) as well as biochar. Biochar is
a porous solid that can be used for soil remediation
due to its ability to adsorb organic and inorganic
contaminants (Hertwich and Zhang, 2009; Xie et al.,
2015), heavy metals (Uchimiya et al., 2011), and
pesticides (Cabrera et al., 2014).
Biomass pyrolysis can be divided into slow
(conventional), fast, and flash, depending on residence
time and heat flux. It generally follows a threestep mechanism: dehydration, primary, and secondary
reactions (Kan et al., 2016). Fast pyrolysis is an
advanced technology gaining attention due to the
growing interest in producing liquid fuels from
biomass. It is a continuous process whose purpose is
to prevent the gasification of most of the raw material.
Fast pyrolysis mainly requires high heat transfer
rates and temperatures between 450 and 600°C for
residence times of a few seconds (Bridgwater, 1994;
Hornung and Dasappa, 2014). Since the reactions
occur quickly, the reaction kinetics and transport
phenomena, alongside mass and heat transfer rate,
play a crucial role in determining the obtained
products. Therefore, it is necessary to set the
parameters optimally to favor the formation of a
particular product (Hornung and Dasappa, 2014).
On the other hand, fluidized bed reactors are
used for numerous chemical processes, in which
2

parameters such as mass diffusion or heat transfer
are fundamental. Compared to packed bed reactors,
fluidized beds exhibit notable advantages such as
better temperature control, greater uniformity, or
longer shelf life of the solid material. A fluidized bed
can achieve excellent mixing between the suspended
particles and the surrounding fluid. This kind of
reactor makes it possible to achieve high conversion
percentages when a good mixing and heat transfer
between the solid and fluid phases is required
(Suleiman et al., 2013).
Numerical modeling of biomass pyrolysis can
be classified into two categories: microscopic scale
and reactor level scale. Understanding pyrolysis at
a microscopic level is essential to describe the
process inside the reactor. Single-particle models
are transport equations that couple reaction kinetics
with mathematical descriptions of mass and heat
transfer during thermochemical conversion (Yang
et al., 2008). Most of these types of microscopic
studies focus on characterizing heat and mass transfer
within a single biomass particle (Janse et al., 2000).
Numerous studies analyze the effect of the shape and
size of biomass particles since they are considered
determining factors in pyrolysis reactions (Yang et
al., 2008). Gera et al. (2002) proposed a combustion
model for a biomass particle with significantly
large aspect ratios to investigate the temperature
distribution within the particle. These studies have
provided relevant information about biomass pyrolysis
and contributed to a better understanding of the
thermochemical conversion in individual particles due
to their relative simplicity and ease of validation
through experimental comparisons. However, singleparticle models are not sufficient to be applied in the
description of pyrolysis in a complete reactor, where
interactions between solid and gas phases are crucial.
The thermodynamic equilibrium approach has
been used in several studies, such as Baggio et al.
(2009), which minimizes the problem by finding a
final composition that results in the total minimum
Gibbs free energy. Baratieri et al. (2008) used a twophase thermodynamic equilibrium model to predict
pyrolysis and biomass gasification. However, the main
limitation of this approach is the assumption of the
equilibrium condition, which is reached in a very long
time, in addition to the fact that the equilibrium models
are unable to provide information about the flow and
concentration distributions of the species inside the
reactor (Aramideh et al., 2015).
Computational fluid dynamics (CFD) has proven
to be an efficient tool for simulating the complex
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phenomena during biomass pyrolysis. Wagenaar et
al. (1994) studied the fast pyrolysis of biomass
in a rotating cone reactor by integrating a flow
model with reaction kinetics for the pyrolysis of
wood. Various computational studies have described
pyrolysis processes in fluidized bed reactors using
CFD, such as Di Blasi (2000) and Anca-Couce et
al. (2013). Studies with a CFD approach can be of
the Lagrangian-Eulerian or Eulerian-Eulerian type.
Papadikis et al. (2009) studied the fast pyrolysis of
biomass in a drag flow reactor in which the presence
of sand was neglected, and biomass particles were
considered with a Lagrangian approach, while the
gas phase is described with the Eulerian approach.
Instead, other studies have used the Eulerian-Eulerian
method to efficiently simulate many solid particles
in fluidized bed reactors. Xue et al. (2011) proposed
an Eulerian-Eulerian approach to simulate the fast
pyrolysis of biomass in a bubbling fluidized-bed
reactor in conjunction with granular flow kinetic
theory to calculate solid-phase properties coupled with
reaction kinetics. Recently Xiong et al. (2013) and
Aramideh et al. (2015) have developed CFD modeling
in OpenFOAM to study biomass fast pyrolysis
in fluidized-bed and screw-type reactors, coupling
reaction kinetics with multiphase transport models.
Other works such as Ranganathan and Gu (2016) and
Mellin et al. (2014) have used commercial CFD codes
(ANSYS Fluent) with Eulerian-Eulerian approaches in
conjunction with relatively complex kinetic models to
describe pyrolysis processes in fluidized bed reactors
successfully.
The literature review shows that several studies
on computational modeling of biomass pyrolysis have
been reported. However, no investigation of the fast
pyrolysis of biomass in a fluidized bed reactor was
found using a detailed kinetic model and focusing on
the effect of biomass types and reactor temperature.
Therefore, the objective of the present study is to
develop a validated computational model to analyze
biomass type and reactor temperature’s effect on the
thermal decomposition of biomass in a laboratoryscale fluidized-bed reactor. The manuscript was
organized into the following sections: (1) Introduction,
(2) Definition of the physical system, (3) Assumptions
and mathematical model, (4) Kinetic model, (5)
Numerical methodology, (6) Results and discussion
and (7) Conclusions. An Eulerian-Eulerian approach
was considered. The kinetic model of Ranzi et
al. (2008) was coupled with equations based on
conservation principles of mass, momentum, and
energy. The computational model was validated with

data reported in the literature. Energy requirements,
the composition of the exit gases, temperature
contours, and product yields (tar, char, and gas) are
reported.

2

Definition of the physical
problem

A real system for pyrolysis operations in a fluidized
bed reactor consists of various equipment such as
preheaters, condensers, or cyclone separators. In this
work, the system is limited to the reactor, where the
pyrolysis reactions are carried out, as shown in Figure
1. The reactor geometry and construction material are
based on a 300 g/h fluidized bed reactor used by
Kalgo (2011), whose study has reported experimental
data considered in this paper for validation purposes.
The reactor has a nitrogen inlet at the bottom and
a biomass inlet at the bottom of the left sidewall.
Non-slip was considered in the walls for the gas
phase and a specularity coefficient of 0.5 for sand
and biomass. A constant temperature was taken on
the walls of the reactor. The construction material of
the walls was established as nickel, which corresponds
to the reactor’s material studied by Kalgo (2011).
Nitrogen input was considered at a constant velocity
and temperature. It was assumed that the gases leave at
atmospheric pressure and that the biomass enters with
a continuous and constant mass flow.

Figure 1. Scheme of the physical problem.
Figure 1. Scheme of the physical problem.
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Assumptions and mathematical
model

The mathematical modeling of biomass fast pyrolysis
in a fluid bed reactor is complex. Therefore, to
obtain the governing equations, we made the following
assumptions:
• The problem may be described as twodimensional.
• Gas-phase is treated as an ideal gas.
• The flow regimen is laminar (Re<200).
• The reactor behaves
heterogeneous system.

as

a

dispersed

• The solid and gas phases are continuous.
• The flow in solid phases is granular.
The fluid and solid motions coupled with heat
and mass transfer inside the reactor were described
with a microscopic application of mass conservation
(global and for each chemical specie), the second law
of Newton, and the first law of Thermodynamics. The
governing equations for the gas and solid phases are
presented below in Table 1, along with constitutive
relationships (Table 2) using a Eulerian-Eulerian
approach (Papadakis et al. (2009)).
The subscript g in equation of continuity (Eq.
1) denotes the gas phase, and α, ρ, and U
represent a volumetric fraction, density, and velocity.
Furthermore, Rgsm is the source term that considers

heterogeneous reactions between the gas and solid
phases. βgsm in equation of momentum (Eq. 2)
represents the momentum transfer coefficient between
the gas phase and the solid phase, similarly ψgsm
refers to the exchange of momentum due to chemical
reactions between phases. The stress tensor τg is
defined in equation (9), where µg , λg , I, and Dg are
the dynamic viscosity, the volumetric viscosity, the
identity tensor, and the stress tensor of the gas phase,
respectively. The drag forces βgsm can be calculated
by different models proposed through empirical
correlations, the two main ones being Gidaspow
(1994) and Syamlal et al. (1993). Momentum transport
by chemical reactions is defined in equation (10).
In equation of energy conservation (Eq. 3), the heat
flux by conduction (qg ) is computed with equation
(11). The heat transfer between the phases due to
chemical reactions (Xgsm ) is evaluated with equations
(12) and (13).
In equation of mass conservation for each specie
(Eq. 4) Ygk is the mass fraction of the K species.
Rgk corresponds to the generation of matter of the
K species considering all the heterogeneous reactions
between phases. The diffusive flux is calculated using
Fick’s law.
For solid phases, in equation of continuity (Eq
5), R sm represents the generation of matter due to
all chemical reactions between the solid phase m
and other phases. Momentum transport is defined by
equation 6 where βgsm is the momentum transfer
coefficient between the gas phase and the solid phase
m and β slm is the momentum transfer coefficient
between the solid phase m and another solid phase l.
The stress tensor, τ sm , is defined by equation (15).

Table 1. Governing equations.
Gas
Phase

Continuity
Momentum
Energy
Species

Solid
Phase

Continuity
Momentum

Energy
Species

4

∂αg ρg
∂t

+ ∇ · (αg ρg Ug ) =

∂αg ρg Ug
∂t

M
P

(1)

Rgsm

m=1

+ ∇ · (αg ρg Ug Ug ) = ∇ · τg − αg ∇pg +

M
P

βgsm (U sm − Ug ) +

M
P

ψgsm + αg ρg g
m=1
m=1
M
M
P
P
∂αg ρg C pg T g
+ ∇ · (αg ρgC pg T g Ug ) = ∇ · qg +
hgsm (T sm − T g ) +
Xgsm + ∆Hg
∂t
m=1
m=1
∂αg ρg Ygk
+ ∇ · (αg ρg Ygk Ug ) = ∇ · jgk + Rgk
∂t
∂α sm ρ sm
+ ∇ · (α sm ρ sm U sm ) = R sm
∂t
∂α sm ρ sm U sm
+ ∇ · (α sm ρ sm U sm U sm ) = ∇ · τ sm − α sm ∇p sm + βgsm (Ug − U sm )
∂t
M
P
+
β slm (U sl − U sm ) + ψ sm + α sm ρ sm gx
l=1,l,m
∂α sm ρ sm C psm T sm
+ ∇ · (α sm ρ smC psm T sm U sm ) = ∇ · q sm + hgsm (T g − T sm ) + X sm + ∆H sm
∂t
∂α sm ρm Y smk
+
∇
· (α sm ρ sm Y smk U sm ) = R smk
∂t
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Table 2. Constitutive equations.
Gas phase

Stress tensor
Momentum transport
by chemical reactions
Heat flux by conduction
Heat transport by
chemical reactions
Diffusive flux

Solid phase

τg = 2αg µg Dg + αg λg tr(Dg )I
ψgsm = Rgsm [ξU sm + (1 − ξ)Ug ]


0, Rgsm < 0
ξ=

1, Rgsm ≥ 0
qg = αg κg ∇T g
Xgsm = Rgsm [ξC psm T sm + (1 − ξ)C pg T g ]


0, Rgsm < 0
ξ=

1, Rgsm ≥ 0
jgk = αg ρg Dgk ∇Ygk

(9)
(10)
(11)
(12)
(13)
(14)

τ sm = −p sm I + 2α sm µ sm D sm + α sm λ sm tr(D sm )I
p sm = 2α2sm ρ sm θ sm g0sm (1 + e) √
λ sm = 34 α2sm ρ sm g0sm d sm (1 + e) qθ sm /π

Stress tensor
Pressure of solids
Volumetric viscosity

θ sm
π

µ sm = 54 α2sm ρ sm g0sm d sm (1 + e)

Dynamic viscosity

β slm =

Momentum transport

3(1+elm )

2!
π + C f lm π α α ρ ρ (d +d )2 g
sm sl sm sl sl
sm
0slm |U sl −U sm |
2
8

"
between solid phases m
and l
Heat flux by conduction

g0slm =

1
αg

+3

√
h
i2
sm d sm θ sm π
1 + 45 α sm (1 + e)
+ 10ρ
96(1+e)g0sm

M
P

l=1

α sl
d sl

#

(15)
(16)
(17)
(18)
(19)

2π(ρ sl d3sl +ρ sm d3sm )
d sl d sm
α2g (d sl +d sm )

(20)

q sm = α sm κ sm ∇T sm

(21)

Table 3. Boundary conditions for all cases.
Boundary

Boundary
condition

Case 1

Case 2

Case 3

Case 4

Case 5

N2 Shear

No slip

No slip

No slip

No slip

No slip

Solids
specularity
coefficient

0.5

0.5

0.5

0.5

0.5

Sand
specularity
coefficient

0.5

0.5

0.5

0.5

0.5

Temperature
(K)

773

773

773

873

973

N2 velocity
(m/s)

0.507

0.507

0.507

0.507

0.507

N2
Temperature
(K)

773

773

773

873

973

Mass flow
rate (kg/s)

8.33 ×10−5

8.33 ×10−5

8.33 x10-5

8.33 ×10−5

8.33 ×10−5

Biomass
inlet

Biomass
type

Beechwood

Cotton
waste

Sugarcane
bagasse

Beechwood

Beechwood

Outlet

Outlet

Pressure
outlet

Pressure
outlet

Pressure
outlet

Pressure
outlet

Pressure
outlet

Wall

Inlet
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243
244
245
246
247
248
249
250

In this approach, the kinetic theory of granular
of solids is described in equation (16), while the
flow (KTGF) is used to describe the tensor τ sm .
volumetric viscosity of the solid phase m is equation
Granular temperature replaces the thermodynamic
(17). The dynamic viscosity of the solid phase m is
temperature
in
this
case.
Solid
properties
such
as
presented
in equationpyrolysis
(18). The reactions,
term β slm isitdefined
computational stability. To carry out the complete study involving
was
granular pressure (p sm ), dynamic viscosity (µ sm ),
in equation (19), and it describes momentum transport
necessary to establish the existence of 3 Eulerian phases: two solid and one gaseous, among
and volumetric viscosity (λ sm ) are expressed as a
between the solid phases m and l, whereas heat flux by
whichofare
all thetemperature
species involved,
whether they are
reactants,
products,
intermediate
orequation
inert
function
granular
(θ). The constitutive
conduction
in the
solid phases
is described in
species.
relationships are derived by Lun et al. (1984) and
(21). Boundary conditions are described in Table 3 for
Gidaspow (1994).
each of the cases studied in this paper.
According toTable
Gidaspow
(1994), the pressure
4. Comprehensive
kinetic model for lignocellulosic biomass

pyrolysis (Ranzi {\it et al}, 2008).
Table 4. Comprehensive kinetic model for lignocellulosic biomass pyrolysis (Ranzi et al, 2008).
Reaction
A(s-1)
E (kJ/mol)
13
1
8x10
192.5
𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐴𝑐𝑡. 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
7
2
8x10
125.5
𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 5𝐻! 𝑂 + 6𝐶ℎ𝑎𝑟

3

𝐴𝑐𝑡. 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐿𝑉𝐺

4

5
6
7
8

9
10

41.8

𝐴𝑐𝑡. 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 0.95𝐻𝐴𝐴 + 0.25𝐺𝑙𝑦𝑜𝑥𝑎𝑙 + 0.2𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
+ 0.25𝐻𝑀𝐹𝑈 + 0.2𝐴𝑐𝑒𝑡𝑜𝑛𝑒 + 0.16𝐶𝑂!
+ 0.23𝐶𝑂 + 0.9𝐻! 𝑂 + 0.1𝐶𝐻" + 0.61𝐶ℎ𝑎𝑟

1x109

133.9

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 0.4𝐴𝑐𝑡. 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 1
+ 0.6𝐴𝑐𝑡. 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 2
𝐴𝑐𝑡. 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 1
→ 0.75𝐻! + 0.8𝐶𝑂! + 1.4𝐶𝑂
+ 0.5𝐹𝑜𝑟𝑚𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
𝐴𝑐𝑡. 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 1 → 𝑋𝑦𝑙𝑎𝑛

1x1010

129.7

3x109

113

3T

46

𝐴𝑐𝑡. 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 2
→ 𝐶𝑂! + 0.5𝐶𝐻" + 0.25𝐶! 𝐻" + 0.8𝐶𝑂 + 0.8𝐻!
+ 0.7𝐹𝑜𝑟𝑚𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 0.25𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙
+ 0.125𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 0.125𝐻! 𝑂 + 𝐶ℎ𝑎𝑟
𝐿𝑖𝑔𝐶 → 0.35𝐿𝑖𝑔𝐶𝐶 + 0.1𝑝𝐶𝑜𝑢𝑚𝑎𝑟𝑦𝑙 + 0.08𝑃ℎ𝑒𝑛𝑜𝑙 + 0.41𝐶! 𝐻"
+ 𝐻! 𝑂 + 0.495𝐶𝐻" + 0.32𝐶𝑂 + 𝐶𝑂 + 𝐻!
+ 5.735𝐶ℎ𝑎𝑟
𝐿𝑖𝑔𝐻 → 𝐿𝑖𝑔𝑂𝐻 + 𝐴𝑐𝑒𝑡𝑜𝑛𝑒

1x1010

138.1

4x1015

202.9

2x1013

156.9

9

106.7

6

5x10

131.8

3x108

125.5

11

𝐿𝑖𝑔𝑂 → 𝐿𝑖𝑔𝑂𝐻 + 𝐶𝑂!

12

𝐿𝑖𝑔𝐶𝐶 → 0.3𝑝𝐶𝑜𝑢𝑚𝑎𝑟𝑦𝑙 + 0.2𝑃ℎ𝑒𝑛𝑜𝑙 + 0.35𝐴𝑐𝑟𝑦𝑙𝑖𝑐 𝐴𝑐𝑖𝑑
+ 0.7𝐻! 𝑂 + 0.65𝐶𝐻" + 0.6𝐶! 𝐻" + 1.8𝐶𝑂 + 𝐻!
+ 6.4𝐶ℎ𝑎𝑟
𝐿𝑖𝑔𝑂𝐻 → 𝐿𝑖𝑔𝑛 + 𝐻! 𝑂 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 + 0.45𝐶𝐻" + 0.2𝐶! 𝐻" + 2𝐶𝑂
+ 0.7𝐻! + 4.15𝐶ℎ𝑎𝑟

13
14
15
16

251
252
253
254
2556
256
257
258

4T

𝐿𝑖𝑔𝑛 → 𝐿𝑢𝑚𝑝𝑒𝑑𝑃ℎ𝑒𝑛𝑜𝑙
𝐿𝑖𝑔𝑛 → 𝐻! 𝑂 + 2𝐶𝑂 + 0.2𝐹𝑜𝑟𝑚𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 0.4𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙
+ 0.2𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 0.2𝐴𝑐𝑒𝑡𝑜𝑛𝑒 + 0.6𝐶𝐻"
+ 0.65𝐶! 𝐻" + 0.5𝐻! + 5.5𝐶ℎ𝑎𝑟
𝐻! 𝑂($) → 𝐻! 𝑂(&)

1x10

8T

50.2
9

1.2x10

125.5

5.3x1010

88

Drag forces are described by Syamlal {\it et al}. (1993) correlation. Heat transfer between
the gas phase and sand is explained by the correlation of Gunn (1978), while heat transfer
between gas and solid phase (biomass) is computed with the correlation of Ranz and Marshall
(1952). The coefficient of restitution towww.rmiq.org
describe collisions between all solid phases is 0.9.
Since transport properties apply to the entire gas phase, it is only necessary to specify
standard molecular weights and enthalpies of formation for individual species. Similarly, in
the solid phase are several species, of which it is required to determine molecular weight and
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4

Kinetic model

1.0

5

45 x 342
50 x 380

48 x 361
53 x 399

0.6

0.4
0.2
0.0
0.00

0.01

0.02

0.03

0.04

Width (m)

(a)
0.70

0.60

sand mean-vof
(-)

In this work, the kinetic model of Ranzi et al.
(2008) was selected since it offers a more rigorous
and detailed description than global and simple
generalized models (Table 4). Only primary chemical
reactions are considered in this study, as it has
been shown by Trendewicz et al. (2014) that
for fast pyrolysis operations, the contribution of
secondary chemical reactions is not significant in
the description of kinetics. This model makes some
relevant considerations. One of the main ones is that,
due to the complexity and diversity of lignin, it is
classified into three types (LigC, LigO, and LigH)
according to its composition in terms of Carbon,
Hydrogen, and Oxygen. Furthermore, the Arrhenius
equation describes all sixteen reactions of the kinetic
model are irreversible, first order, and reaction rate
constants.

mean y-velocity
(m/s)

0.8

0.50

0.30
0.00

Numerical methodology

45 x 342

48 x 361

50 x 380

53 x 399

0.40

0.01

0.02

0.03

0.04

Width (m)

(b)

sand mean-vof (-)

Considering that the description of the physical
Figure 2.between
Comparison
between
thebyprofiles
generated
Figure 2 Comparison
the profiles
generated
the different
meshes: (a) mean-yproblem involves a complex system of partial
velocity
and different
(b) sand mean
volume(a)
fraction
(mean-vof), at aand
time(b)
of 3 s.
by the
meshes:
mean-y-velocity
differential equations, which do not have an analytical
sand mean volume fraction (mean-vof), at a time of 3
solution, it is necessary to resort to numerical
s.
methods that involve solving the equations using
computers. ANSYS Fluent v18 computational fluid
0.60
dynamics software was used in this study. The
SIMPLE algorithm was used to couple the continuity
0.50
and momentum equations. Advective terms were
discretized with a second-order upwind scheme.
0.40
Temporal discretization was performed with an
implicit first-order scheme. A mesh independence
0.30
study was carried out to determine the optimal mesh.
Four structured and uniform meshes were generated
0.20
under the following characteristics: 45x342, 48x361,
45 x 342
48 x 361
50 x 380
53 x 399
50x380, 53x399 (width x height elements). The
Meshes
reactor wall was maintained at a temperature of 973
3 Comparison
the average
values
Comparison
between the between
average values
of the sand
mean of
volume
K and fed with a nitrogen current of 0.507 m/s Figure 3Figure
the sand mean volume fraction at a time of 3 s.
at the same operating temperature of the reactor.
fraction at a time of 3 s.
The simulations were performed with a time step of
0.00001 s. The y-component profiles of the velocity
volumetric fraction of the sand (sand-mean-vof) were
(mean-y-velocity) in the gas phase were compared
also compared. These profiles were generated at the
(Figure 2a). The profiles were generated at the height
height of 50 mm at 3 s of operation (Figure 2b).
of 251.25 mm at 3 s of operation. As can be seen, the
The relative mean differences between these profiles
implemented meshes show little variation. The relative
were no more than 1.6%. The relative mean difference
between the 53x399 and 50x380 mesh is 1.1% (Figure
mean differences between the profiles were less than
0.12%. The profiles corresponding to the average
3). Based on the previous results, it is concluded that
www.rmiq.org
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using a mesh of 50x380 elements is representative and
independent of the phenomenon studied. Six seconds
were simulated with a time step of 0.00001 s to assure
computational stability. To carry out the complete
study involving pyrolysis reactions, it was necessary
to establish the existence of 3 Eulerian phases: two
solid and one gaseous, among which are all the
species involved, whether they are reactants, products,
intermediate or inert species.
Drag forces are described by Syamlal et al. (1993)
correlation. Heat transfer between the gas phase
and sand is explained by the correlation of Gunn
(1978), while heat transfer between gas and solid
phase (biomass) is computed with the correlation
of Ranz and Marshall (1952). The coefficient of
restitution to describe collisions between all solid
phases is 0.9. Since transport properties apply
to the entire gas phase, it is only necessary to
specify standard molecular weights and enthalpies
of formation for individual species. Similarly, in
the solid phase are several species, of which it is
required to determine molecular weight and standard
enthalpy of formation. Due to the complexity of this
detailed kinetic model, which is characterized by the
addition of three types of lignin and active species
of cellulose and hemicellulose, and considering the
limited availability of these specific data, properties
predicted by Gorensek et al. (2019) are chosen for the
solid phase. Required properties are shown in Tables 5
and 6.
To obtain the main results, which are the product
yields (char, tar, and gas), the total mass of solid
and gas phases was obtained by carrying out volume
integrals:
Z
n
X
α p ρ p dV =
α pi ρ pi |Vi |
(22)
i=1

Where p is the corresponding phase, i is the cell where
the calculation is performed, and V is the volume
of each cell in the domain. Subsequently, the mass
fraction of each species that is classified as a product
is obtained through a volume-averaged average:
1
V

Z

ϕdV =

n
1X
ϕi |Vi |
V i=1

Where ϕ is the variable of interest, the mass fraction of
each species. Finally, the mass fraction of the species
is multiplied by the total mass of the phase in which
they are found to calculate the mass of each species
individually. Once the masses of all the species are
obtained, they are added to get the total mass of
products. They are also grouped into char, tar, or gas.
In this way, the total fractions of products can be
obtained as suggested by the following equations:
mChar
mChar + mGas + mT ar
mGas
XGas =
mChar + mGas + mT ar
mT ar
XT ar =
mChar + mGas + mT ar
XChar =

(kg/m3 )

Specific heat capacity (J/kgK)
Viscosity (kg/ms)
Thermal conductivity (W/mK)

8

(24)
(25)
(26)

Where X represents the fraction of each product and m
the mass of the products.
Regarding the types of biomasses, beechwood
was selected as Case 1 due to the data availability
compared with other studies reported in the literature.
The second type of biomass consists of the typical
cotton gin residues, composed almost entirely of
cellulose, and does not contain lignin (Table 7). Sugar
cane bagasse was chosen as the third type. However,
it maintains similar percentages to Case 1. It has less
lignin and increases inert materials compared to the
other two biomass classes.

Table 5. Properties of the gas phase.
Density

(23)

Ideal Gas
C p = 979.043+0.4179639T −0.001176279T 2 +1.674394×10−6 T 3 −
7.256297 × 10−10 T −4
µ = µ0 (T/T 0 )3/2 (T 0 + C)/(T + C)
µ0 = 1.7984 × 10−5 , T 0 = 273.11K,C = 110.56
0.0454

www.rmiq.org
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Table 6. Properties of sand and solids.
Property
(kg/m3 )

Density
Char density (kg/m3 )
Specific heat capacity (J/kg K)
Thermal conductivity (W/m K)
Particle size (m)
Granular viscosity (kg/m s)
Volumetric granular viscosity (kg/m s)
Frictional viscosity (kg/m.s)
Frictional pressure (Pa)
Granular temperature (m2 /s2 )
Solids pressure (Pa)
Radial distribution
Modulus of elasticity (Pa)
Packing limit

Sand

Solids

2670
—
830
0.25
0.000725
Syamlal et al. (1993)
Lun et al. (1984)
Schaeffer (1987)
Syamlal et al. (1993)
Algebraic
Syamlal et al. (1993)
Syamlal et al. (1993)
Derived
0.6

680
300
1500
0.105
0.000625
Syamlal et al. (1993)
Lun et al. (1984)
Schaeffer (1987)
Syamlal et al. (1993)
Algebraic
Syamlal et al. (1993)
Syamlal et al. (1993)
Derived
0.4

Table 7. Composition of the three types of biomasses to study.
Biomass

Cellulose
(%)

Hemicellulose
(%)

LigC
(%)

LigO
(%)

LigH
(%)

Humidity
(%)

Inert
(%)

Source

Case 1: Beechwood
Case 2: Cotton waste
Case 3: Sugarcane bagasse

40.1
73.60
41.5

26.8
15.14
24.5

11
8.11

0
0

12
9.39

9.4
5.86
9.95

0.7
5.4
6.55

(Rossi, 1984)
(Raveendran et al., 1995)
(Kalgo, 2011)

6

6.1

Results and discussion
Validation of the computational model

Pyrolysis of beech wood (Case 1) has been compared
to both the results of product yields reported by
Ranganathan and Gu (2016) and the experimental
data of Kalgo (2011). The production of all the
species derived from the chemical reactions defined
in the kinetic model is observed. Such is the case
of CO, char, or levoglucosan, as exemplified in
Figure 4. Gaseous species are flowing to the oultet,
and char is fluidizing between the sand bed. Also,
gasesous species follow a similar behaviour with low
concentration values at y=83.8 mm, which is closer
to the biomass feed, that means biomass is starting
to increase its temperature and react but not with a
high production of gasesous products yet. At y=168
mm,which is the middle part of the reactor, there are
slightly higher concentration values in general and
some very high values near the walls, which are the
zones with the highest temperature of the reactor. In a
height of 335 mm, the maximum concentration values
are found because the biomass that is inside the reactor
was heated enough to react and all gaseous products
were carried to the outlet, as shown in Figures 4a and

b. It observed in Figure 4c that while biomass is being
fed (y=50 mm) there is no production of char until it
gets closer to the opposite wall of the reactor, that is
when it reaches a higher temperature, enough to start
pyrolysis reactions. Then at y=83.8 mm the highest
concentration values of char can be found, because
there is more heated biomass reacting; y=111 mm is
closer to the final part of the bed and there is almost no
char anymore except near the right wall where at that
moment there is still biomass fluidizing and reacting
to produce char.
The yields of the products were calculated and
compared with the experimental data of Kalgo (2011)
and the numerical results reported by Ranganathan
and Gu (2016). The comparison is shown in Figure
5. As can be seen, the results obtained in this work
reproduce the experimental behavior in the generation
of the products, predominantly the production of tar,
followed by char and finally gas. When comparing
these results, it was found that the best prediction
is given for XGas , followed by XT ar , presenting
relative differences of 3.9% and 15.9%, respectively.
These results are closer to the experimental data than
the numerical predictions of the advanced model of
Ranganathan and Gu (2016), which presented relative
differences of -6.6% and 13.3%, highlighting that
the present work better predicts the gas products.

www.rmiq.org
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(a)

Figure
Comparison
ofobtained
products
in this
Figure 55.
Comparison
of products
in thisobtained
work with literature.
work with literature.
(a)

(b)

(c)

(b)

c
Figure
6. Solid-phase
temperature contours
in Case 1 (a),
Case 2 (b), in
and Case
Case 3 (c).
Figure
6. Solid-phase
temperature
contours

1 (a), Case 2 (b), and Case 3 (c).

6.2

Effect of biomass composition

(c)
This section analyzes the effect of the biomass
Figure 4. Mass fraction profiles of representative products (a) CO, (b) Levoglucosan,
Figure 4. Mass fractionandprofiles
of
representative
composition, emphasizing heat transfer and final
(c) char.

products (a) CO, (b) Levoglucosan, and (c) char.

On the other hand, the product with the least
precision was XChar , with an absolute difference
of 0.046, concerning the experimental data, which
presents significant improvements in the prediction of
Char generation with respect to the Simple (0.169)
and Global (0.203), and competes with the advanced
model (0.024). It makes evident that implementing a
detailed kinetic model of Ranzi et al. (2008) together
with CFD tools results in a valid approach to describe
the pyrolysis of lignocellulosic biomass in a fluidized
bed reactor at a laboratory scale.
10

product yields depending on the initial composition
of biomass fed to the reactor. All results correspond
to three seconds. Figure 6 shows that instantaneous
temperature contours are similar for all three cases.
However, in Case 2 (cotton residue), there are
fewer low and medium temperature zones because
the predominant cellulose is relatively easier to
decompose since it is not as rigid as lignin. The latter
can also be observed since the heat flux required
by Case 2 to maintain a wall temperature of 773 K
is slightly lower than in cases that contain a lower
proportion of cellulose and higher percentages of
hemicellulose and lignin. Those heat flux values are
0.216 W, 0.193 W, and 0.219 W for Cases 1, 2, and 3.

www.rmiq.org
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FigureFigure
7. Variation
of average mass
fraction of mass
char with
the heightofof char
the reactor
7. Variation
of average
fraction
Case 2, and
3. 1, Case 2, and
with the heightforofCase
the1,reactor
forCase
Case
Case 3.

Table 8. Comparison of the percentages of final
products in Cases 1, 2 and 3.
Product

Case 1

Case 2

Case 3

Tar (%)
Gas (%)
Char (%)

65.63
15.72
18.65

85.85
9.66
4.49

75.18
14.42
10.40

Figure 7 shows the variation of the average char
mass fraction with the height of the reactor. Each dot
represents a spatial average in the x-direction. It is
observed that Case 1 presents higher mass fractions
above y=80 mm with a maximum of 0.042%, whereas
below y=80 mm, Case 3 reports larger mass fractions
than Cases 1 and 2. In the entrance zone, Case 3
presents its highest value of about 0.018%. However,
in the whole fluidized area, Case 1 has the highest char
production, which its superior proportion of lignin
may explain. Table 8 shows the final product yields
for the three cases. A significant increase in tar for
Case 2 is evident, exceeding Case 1 by 20%, and a
considerable decrease in the percentage of gas is also
relevant between these two, up to 6%. Also, a char
reduction of 14% is observed in Case 2 compared to
Case 1. It is possible to identify a direct relationship
between the production of tar and cellulose content
in the raw material fed to the reactor. Similarly,
a lower lignin content, or its absence, means poor
char production. In Case 3 (sugarcane bagasse), tar
production increased by about 10%, non-condensable
gas remained almost constant, and char decreased by
less than 8% compared to case 1. It is reasonable
since the compositions between the two cases are
relatively similar. The above allows establishing a

direct relationship between the species present in
biomass and the final products. In Case 3 again, sugar
cane contains 5% less lignin than beech wood in case
1, and its char production decreases by 8%.
Table 9 shows the gas phase composition at the
reactor outlet for all three cases. It is observed that
water vapor, xylan, and acetone constitute a large
part of the tar in cases 1 and 3, unlike Case 2, in
which acetone has less contribution, giving way to
water vapor, xylan, and formaldehyde as the main
species. For non-condensable gas, it is evident that
CO and CO2 are the species with the most significant
contribution in all cases.

6.3

Effect of reactor wall temperature

In this section, an analysis of the effect of reactor
wall temperature is carried out. Wall temperature was
modified to make a comparison between Case 1 (773
K), Case 4 (873 K), and Case 5 (973 K) to observe the
effect that this parameter has concerning the general
behavior of the system, emphasizing the yields of the
final products. In Figure 8, instantaneous temperature
profiles for the solid phase are presented at y=83
mm. Although the temperature limits are different,
a boundary layer behavior is observed close to the
lateral walls in three cases. In the core of the reactor,
temperatures of the solid phase vary between 550 and
650 ºC.
Figure 9 shows the instantaneous mass fraction
profiles of CO, CH4 , and H2 at the reactor outlet
for Cases 1, 4, and 5. It is observed that for
the three chemical species, Case 4 presents lower
concentrations. However, Case 1 reports almost four
times the concentrations of Case 5, except close to
the right wall, where mass fractions of Case 5 surpass
those of Case 1. For CH4 and H2 , the behavior is
similar, mass fractions of Case 1 are about two times
those of Case 5 in the left middle section, but in the
right middle section, the behavior reverses.
In this pyrolysis process, there are exothermic and
endothermic reactions. However, there is a consistent
behavior in which endothermic nature predominates.
The instantaneous heat fluxes in the walls are 0.22
W, 0.554 W, and 28.34 W for cases 1, 4, and
5, respectively. In the three cases, a positive value
denotes a heat input to compensate for the energy
consumed in the reactions. Regarding results, the final
product yields are presented in Table 10. Tar and Gas
tend to reduce their contribution with increasing wall
temperature, while char rises considerably.

www.rmiq.org
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Table 9. Mass fraction composition of the products in the gas phase at the reactor outlet (nitrogen was not
considered) for Cases 1, 2, and 3.
Chemical species
Case 1 (%) Case 2 (%) Case 3 (%)
CH4
H2
CO
C2 H4
CO2
Phenol
CH2 O
Methanol
Ethanol
Acetone
Acetaldehyde
Lumped Phenol
Acrylic acid
P-Coumaryl alcohol
Xylan
HMFU
Glyoxal
Levoglucosan
HAA
H2 O

0.263694
0.058642
10.852298
0.291672
9.671026
0.102058
4.165245
0.185599
0.105714
6.015872
0.000355
0.009604
0.000002
0.203557
8.587439
0.000765
0.000352
0.295517
0.001385
59.189202

0.043888
0.008827
3.921505
0.038374
3.651566
0
1.569365
0.043825
0.031508
0.000171
0.000129
0
0
0
5.048432
0.000463
0.000213
0.240906
0.000838
85.399989

0.196022
0.042946
8.893792
0.209817
8.020601
0.064237
3.454345
0.149620
0.087501
3.505624
0.000350
0.009682
0.000002
0.128123
8.850818
0.000809
0.000372
0.373039
0.001464
66.010834

Conclusions

Figure
8. Temperature
in phase
the solid
phase
at
Figure
8. Temperature
profilesprofiles
in the solid
at y=83
mm for
y=83 mm for Case 1, Case 4, and Case 5.
Case 1, Case 4, and Case 5.

Table 10. Comparison of the percentages of final
products in Cases 1, 4 and 5.

12

Product

Case 1
(773 K)

Case 4
(873 K)

Case 5
(973 K)

Tar (%)
Gas (%)
Char (%)

65.63
15.72
18.65

59.01
8.51
32.48

45.55
7.95
46.50

A detailed computational model was developed to
study the fast pyrolysis of biomass in a fluidized
bed reactor. Adapting the detailed kinetic model of
Ranzi et al. (2008) in conjunction with computational
fluid dynamics (CFD) has resulted in a set of
reliable predictions to simulate the fast pyrolysis
lignocellulosic biomass in a laboratory-scale fluidized
bed reactor in reasonable agreement with experimental
data. The study of biomass types allows identifying
a direct relationship between tar production and
cellulose content. The content of lignin in the biomass
is directly related to char production in fast pyrolysis
processes since cases with the highest lignin content
presented a higher char output and, in turn, the case in
which there was no lignin at all returned the least char
output. Biomass with high cellulose content resulted
in higher tar production, while biomass without lignin
produced the least char among the compared cases.
The absence of lignin makes an important change
in tar composition, reducing acetone’s contribution
and letting formaldehyde become more relevant. The
non-condensable gas is composed mainly of CO and
CO2 in all cases. Also, an increase in wall reactor
temperatures results in a lower production of tar and
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gas, but it also turns into a significant rise in char
production.
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