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ARTICLE INFO ABSTRACT

Keywords: This work presents a three-dimensional Computational Fluid Dynamics study of a small-scale biomass com-

B.iomass combustion bustion system operating with low primary air ratios. The Eulerian Biomass Thermal Conversion Model (EBiT-

ilxe? b?d CoM) was adapted to incorporate a pyrolysis mechanism based on the detailed Ranzi-Anca-Couce (RAC) scheme.
yrolysis

Two scenarios were simulated using woodchips with 8% and 30% moisture content, and the results were vali-
dated against experimental data, including in-flame and bed measurements. The model accurately predicted bed
temperature profiles and the influence of fuel moisture content on the pyrolysis and drying fronts, as well as on
the distribution of volatiles and temperatures above the solid fuel bed. For the 8% moisture content case, the
average gas temperature above the bed is approximately 700 °C, while for the 30% case, it drops to around
400 °C. The lower temperatures hinder the tar cracking reaction, resulting in a 25% higher tar content in the
producer gas for the 30% moisture content fuel. The lower part of the bed consists of a thick layer of char un-
dergoing reduction reactions, similar to that of an updraft gasifier. The developed model can accurately simulate
biomass combustion systems with solid fuel beds consisting of numerous particles, while maintaining low
computational requirements.

Computational fluid dynamics
Eulerian modelling

1. Introduction

Heat production accounts for the largest share of end-use energy, and
most of this demand (72.5% in 2019) is met by fossil fuels [1]. Biomass
can be a great substitute for fossil fuels in order to reduce greenhouse
gases emissions while also helping to increase countries’ energy inde-
pendence [2,3]. The direct combustion of solid biomass is the simplest
and, consequently, the predominant option for heat and electricity
production from biomass resources [1-3]. However, during the com-
bustion of solid biomass, polluting and harmful emissions such as par-
ticulate matter (PM), hydrocarbons, carbon monoxide (CO) or nitrogen
oxides (NOx) are produced [4]. Furthermore, the presence of inorganic
compounds in biomass fuel can result in ash-related problems such as
fouling, slagging, and corrosion, leading to reduced thermal efficiency
and damage to combustion systems [5-9]. In addition, the use of
low-grade biomass fuels can further exacerbate these problems [10,11].

Experimental assessments of various biomasses in multi-fuel
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commercial boilers have demonstrated a direct relationship between the
nitrogen content of the fuel and NOx emissions [11,12]. Furthermore, it
has been observed that fuels containing higher amounts of inorganic
compounds, such as potassium and phosphorus, tend to produce
increased PM emissions [12]. Hence, it is necessary to utilize emissions
abatement systems and enhance boiler design to meet emissions criteria
[12,13]. Primary measures, such as air staging, can be applied to reduce
emissions in biomass combustion systems. Experimental tests conducted
in lab-scale biomass combustors have found that a proper distribution of
secondary air staging can lead to a decrease in both CO and PM emis-
sions [14,15]. Similarly, studies on commercial small-scale boilers have
also demonstrated that implementing air staging and regulating air
excess can effectively reduce both PM emissions [16,17] and NOx
emissions [17-19]. Additionally, reducing the primary air ratio can
decrease CO [18] and PM [16] emissions. However, these techniques
typically involve a trade-off between NOx and CO emissions [15,19-21],
and fuel flexibility remains limited, particularly in small-scale biomass
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boilers and stoves [22].

With the aim of developing a small-scale multi-fuel low-emission
biomass boiler, several experimental studies showcasing a novel
biomass combustion technology capable of operating with low primary
air ratios were presented [23-25]. The oxygen-limited regime in the
fixed bed results in a thermal behaviour similar to a gasifier, with lower
maximum temperatures than a typical combustion system [23,25-27].
This minimizes the volatilization of ash-forming elements, which,
combined with lower gas velocities in the bed, results in a reduction of
PM emissions [23,25,28], allowing a wider fuel flexibility.

To gain a better understanding of the complex thermal conversion
phenomena occurring inside a biomass combustion system, numerical
modelling techniques can be applied. Computational Fluid Dynamics
(CFD) tools are widely used to simulate biomass combustion systems of
various scales, enabling the improvement of design, efficiency, and the
study of biomass combustion phenomena [29-34]. While CFD codes can
solve the gas phase, models are needed to characterize the thermal
conversion of biomass fuel. The Eulerian Biomass Thermal Conversion
Model (EBiTCoM), developed by the GTE research group of the Uni-
versity of Vigo, is a porous-media based model that has been extensively
used to simulate biomass fixed-bed combustion systems, from experi-
mental [35,36] and domestic [37,38] systems to industrial plants [39].
In these cases, typical air-staging conditions with primary excess air
ratios higher than 0.5 were studied. However, in this new scenario of
low primary air ratios, the pyrolysis reaction gains particular signifi-
cance due to the limited availability of oxygen in the primary zone.

Pyrolysis is the thermal degradation of solid biomass at temperatures
ranging from 300 to 600 °C, either in the absence of oxygen or with a
restricted oxygen supply [40]. This process leads to the decomposition
of biomass into solid char, condensable tars (also known as bio-oil), and
volatile gases [40]. When modelling pyrolysis in CFD simulations of
biomass combustion systems, it is essential to have an accurate
description of the pyrolysis reaction rate as well as the yields and
compositions of the reaction products. In the literature, several common
approaches can be found. Some authors consider the dry wood as a
lumped artificial specie, with its composition based on the proximate
and ultimate analysis of the fuel. They model pyrolysis as a single step
and first order reaction [29,32] or as the sum of three competing re-
actions with different reaction products (gas, tar and char) [41,42].
Other authors consider the decomposition of wood pseudo-components
(cellulose, hemicellulose and lignin) with a kinetic rate for each
component [43,44]. The reaction rates are typically described by
Arrhenius equations, where the pre-exponential factors and activation
energies are obtained experimentally for different fuels using techniques
such as thermogravimetric analysis. Regarding the composition of vol-
atiles, the most common methods involve using data from experimental
measurements as input for the simulation [30] or obtaining a volatile
distribution based on elemental and energy balances [34,43,45]. How-
ever, these methods, either based on empirical correlations or detailed
product composition, have limitations in terms of their applicability and
accuracy. The Ranzi-Anca-Couce (RAC) is a detailed reaction scheme
that considers the contributions of cellulose, hemicellulose, and lignin in
pyrolysis [46,47]. This model has demonstrated its suitability in
describing the product composition in various processes, including
fixed-bed pyrolysis [48], fixed-bed torrefaction [49] and fixed-bed up-
draft gasification [50], where secondary charring reactions play a
crucial role.

While a composition of pyrolysis products derived from the RAC
scheme has been previously evaluated through one-dimensional
modelling [50], its implementation in a detailed three-dimensional
framework allows for the assessment of its accuracy in predicting the
spatial distribution of conversion zones within the fixed bed, as well as
temperatures and released volatiles. For this purpose, the EBiTCoM
biomass thermal conversion mechanism will be modified to incorporate
a pyrolysis description for softwood derived from the application of the
RAC scheme. To validate the model and asses the accuracy of the

Renewable Energy 215 (2023) 119003

pyrolysis description, the previously mentioned novel small-scale mul-
ti-fuel biomass boiler [23] will be simulated. Two different cases will be
studied. One case corresponds to an experimental test using woodchips
with an 8% moisture content, while the other corresponds to woodchips
with a 30% moisture content. The simulations will be validated against
experimental data, which includes temperature measurements inside
the fixed bed, temperature measurements above the fixed bed, and the
spatial distribution of gas species above the solid fuel bed [23]. The gas
composition measurements in the flame zone are not common. In most
biomass boiler studies, gas extractions are taken downstream of the
secondary combustion zone, such as at the system outlet, where the
species have been fully, or almost completely, oxidized. In this case, the
measurements are taken above the bed surface, prior to secondary
combustion, thus enabling a more precise evaluation of the pyrolysis
mechanism and verification of the accuracy of predicted reaction zones.
The data obtained from the simulations will be utilized to analyse the
various processes occurring during the combustion of the biomass fuel
under low primary air conditions. In addition, the impact of fuel mois-
ture content on its thermal conversion will be examined.

2. Model

The simulations are conducted using ANSYS-Fluent version 19.2, a
commercial software capable of modelling gas phase phenomena
including fluid flow, heat transfer, species transport, and homogeneous
reactions [29-32,36,39,45]. To characterize the thermal conversion of
biomass fuel, the EBiTCoM model is utilized. This model is a
three-dimensional transient model that is fully integrated with the CFD
code as a User Defined Function (UDF) written in C/C++. An overview
of the iterative calculation procedure of the numerical simulation is
included in Fig. 1. For each time-step, the model first adjusts parameters
such as material properties, reaction rates, or source terms based on the
previous solution. It then iteratively solves the different equations until
the solution converges. Once that is achieved, the fuel feeding algo-
rithms and bed physics are executed, and the process starts over again.
This leads to a transient calculation, which may or may not converge to a
pseudo-steady-state solution.

2.1. Solid phase

The solid fuel bed is modelled as a porous disperse medium. The cell-
zones where solid fuel particles may exist are set as porous zones. The
properties of the solid are characterized using User Defined Scalars
(UDS), which represent local volume-averaged values for each cell.
Seven scalars are used to characterize the solid fuel. The solid fraction
scalar (¢) represents the volumetric fraction of the cell that is occupied
by solid fuel. A cell without any solid fuel will have a solid fraction value
of 0 (porosity equal to 1). The bed cells cannot be entirely filled with
solid, as the solid fuel will have a maximum compaction limit. The
density scalars for moisture (pmois), wood (pwood), char (pchar) and ash
(pash) define the composition of the solid volume within each cell. The
average size of the solid fuel particles is represented by the third power
of the cube of the average equivalent diameter of the particles (dgq).

Regarding the temperature of the solid fuel volume, the bed model is
based on a thermally thin assumption. This assumption considers the
solid as a homogeneous mixture of solid fuel components with a ho-
mogeneous temperature (Ts) throughout the entire solid volume of each
cell. In certain cases, a thermally thick assumption could provide more
accuracy by considering temperature gradients within the particles.
However, implementing a thermally thick assumption would come with
higher computational costs, as it would require accounting for multiple
layers within each particle with different temperatures [51,52].

The transient evolution of the scalars is defined by seven transport
equations [35,36,39]. The solid densities equations consider the con-
sumption and generation ratios of the wood components associated with
each scalar. Similarly, the transient evolution of the solid fraction and



C. Alvarez-Bermiidez et dl.

Renewable Energy 215 (2023) 119003

I Updaevariablespropertiesatt,, I

.

Adjust parameters |«

me steperation

No

I Solvecontinuity and momentum I

I Solve gas energy I

Yt
e -

Solve solid fraction

" .

Maer;,arlorz:?spen = I Solveturbulerce ] '
Reactionrates | Foel fecdng
sourcetems [ soive modified DO radiation |

Fuel pushing
Solve species movement

Solveparticle temperaure

.

Solve moisture

Solvedry wood

I Solve particle diameter I

I

Fig. 1. Overview of EBiTCoM solution algorithm.

particle equivalent diameter depends on the wood and char consump-
tion and generation ratios [35]. The temperature of the solid is calcu-
lated in function of the evolution of its enthalpy. The corresponding
equation includes a diffusive term to account for heat conduction
through the solid and a source term to consider the energy gains or losses
resulting from reactions (drying, pyrolysis and char reactions) and heat
transfer by convection and radiation [35]. The effective thermal con-
ductivity of the solid is calculated as the mass-weighted average sum of
the thermal conductivities of the moisture and solid components [35].
An experimental correlation for heat transfer in packed beds is used to
obtain the convective heat transfer coefficient [53]. The same method is
applied to obtain the mass transfer coefficients [54]. The radiation heat
exchange between the solid phase and gas phase is modelled by a
modified version of the Discrete Ordinates radiation model [55].

The ash is non-reactive but it can be compacted when the solid fuel
collapses due to the shrinkage of the particles [35]. Furthermore, bed
movement physics algorithms are implemented to simulate the move-
ment of the solid fuel bed. These algorithms account for bed compaction
and replicate the behaviour of granular materials, which tend to form a

pile with a characteristic angle of repose [56,57]. A fuel feeding algo-
rithm was applied to replicate the effect of a screw-conveyor introducing
fresh fuel into the system through the fuel inlet [39].

2.2. Solid phase reactions

In Table 1, the equations of the consumption and generation rates of
the moisture and solid components are shown.
The drying of the fuel initiates when the solid reaches a temperature

Table 1
Moisture and solid components consumption and generation rates.
Drying rate ppCp  0Ts
. = —,Ts > T,
Dpmoisture TLHmoi.sn.u'e ot S = levap
Pyrolysis rate d’;oo 4 = Puood KPT
Char consumption ﬂ',”édmr _ K;ﬁb A, (02| Mepar + K@ib Ay[COMpar +
rate o
KglabAv [H20|Mcngr

Char generation rate mc char = 0.2336:p,y000- K"
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Table 2
Solid phase reactions (stoichiometry in mass fraction for pyrolysis and mol fraction for char reactions).
Pyrolysis Kinetic [1/s] Refs.
Dry wood—0.2336 Char(CH,Oy) + 0.0821 CO + 0.1141 H,0 + 0.1243 CO, + 0.0057 H; + W o8 [46,
0.0165 CH, + 0.0131 CoHy + 0.4106 Tar r = 2¢%exp( ~133100/ .
Char reactions Kinetics [m/s] Refs.
Char(CH,Op)+ (1 — /2 + a /4 — f/2)02—nCO+ (1 — 7)CO2 + a /2H,0 K> = [61]
7. _
5.7¢ exp( 160400/R_Ts)
hy H, 2 H- FH. 62
Char(CH,0y) + C03~2C0+ (a /4)Hy + fH0 . 3.42'TS'W<715600/T) [62,
§ 631
Char(CH,0p) + (1 — fH,0~CO+ (1 + a/2 — f)H, 2 5711415 [63]
exp(715600/Ts)
Table 3
Homogeneous gas phase reactions.
Stoichiometry Kinetics Refs.
C2.35H3.970 tar)—0.3 CoH4 + 0.25 CH4 + 0.89H> + 1.21 CO+ 0.16 CO2 + 0.13 C(soot. 1.08e08 47,65

2.35H3.9701 .53 (tar) 2Ha 4 2 2 (so0t) 4.26€06 exp (— T ) [Ca.35H39701 53] 47,691
CyHy + 2 022 CO+ 2 H,0 135610 exp (7 1A215;e08> (214 [0y [66]

H. H, + H. 32,66-68
CHa+ 02~C0+ Hy + Hz0 5.012¢11 exp (7 2}:?) [CH4]%7 [0,]°8 [52,66-68]
CO+ 0.5 02—-CO: . 32

+ ,—CO, 2.03¢11 exp <7 1 18;08) [COJ[0,]°5 [H,0]°3 [32]
H. 0.5 0,—H>0 3.1e07 69,70
5+ 0.5 03—H, 9.87¢08 exp (7 RfT )[Hz][Oz] (69,701

equal to or greater than the evaporation temperature (100 °C). The fuel
particles heat up and dry from the outside to the inside. The outer layer,
once dry, can continue to increase its temperature above the evaporation
temperature, while the interior of the particle is still drying. To model
this effect in a thermally thin approach, part of the energy received by
the particle is used to dry it (1), while the remaining portion is utilized to
heat it (1- 1) [58,59].

The dry wood is consumed due to the pyrolysis, which also generates
char. The pyrolysis product composition is based on latest version of the
detailed RAC scheme [46,47]. The scheme is applied for a typical soft-
wood composition (44% cellulose, 26% hemicellulose, 30% lignin) [49]
and fixed-bed conversion conditions, i.e. high charring and a slow
heating rate (20 K/min) until a final temperature of 700 °C. The con-
densable species are grouped into the single tar specie and the solid
products into the single char specie, which is described as CH,Op, with o
= 0.3934 and p = 0.0484 in molar basis [46,47,50].

The char consumption ratio is the sum of three reaction rates. These
reactions are char oxidation with O and gasification with CO5 and H>O.
The diffusions of oxygen, carbon dioxide and water vapour are also
considered as a rate limitation for each reaction. The CO/CO, ratio in
char oxidation from Ref. [60] is employed; i.e. CO/CO2 = An exp(-En/T)
[An = 12; En = 3300 K], being n = CO/CO2/(1 + CO/COy). The stoi-
chiometry and kinetics of the pyrolysis and char reactions are shown in
Table 2.

2.3. Gas phase

The conservation equations employed to solve the gas phase include
continuity, momentum, energy, turbulence, chemical species and soot
equations. Turbulence is modelled using the realizable k-¢ model, which
is widely utilized in simulations of biomass combustion systems [29,39].
The chosen gas flow formulation for the porous zone is the physical
velocity, which takes into account the impact of section reduction on gas

velocity. In addition, inertial and viscous resistance formulations, based
on the physical properties of the particles, are incorporated to consider
the effect of the porous zone on the gas flow [35]. The
Finite-Rate/Eddy-Dissipation model is selected to model the
turbulence-chemistry interaction [64].

The species considered in the gas phase include carbon monoxide
(CO), carbon dioxide (COj), hydrogen (Hy), water vapour (H20),
ethylene (C2H,), methane (CHy), tars (Cz.35H3.9701 53), oxygen (O2) and
nitrogen (Ng).

The stoichiometry of the tar cracking reaction is derived from the tar
cracking scheme outlined in Ref. [47], and the kinetics are taken from
Ref. [65]. These kinetics are utilized instead of those from Ref. [47] as
they have demonstrated better suitability for this specific application, as
observed in the simulation of a stove [32].

Table 3 presents the gas phase reaction scheme, including the ki-
netics for each reaction. The reactions considered include the tar
cracking reaction, as well as the oxidations of ethylene, methane, carbon
monoxide and hydrogen. The kinetics of the oxidations are taken from
combustion schemes that are widely employed in biomass combustion
cases. For the CO oxidation, a low temperature kinetic was selected, as it
is deemed more suitable for the cases examined in this study [32]. The
chosen soot model is the Moss-Brookes Model, considering the ethylene
as the precursor specie and introducing the soot produced in the tar
cracking as an additional soot source.

3. Methodology

This work presents a CFD study of a small-scale fixed-bed fuel-
flexible biomass combustion plant, utilizing ANSYS-Fluent and the
EBiTCoM fixed-bed model. Two cases were studied, varying the mois-
ture content of the fuel. The numerical results are validated against
experimental data [23].
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Fig. 2. Simplified schematic representation of the combustion plant. Adapted from Ref. [23].

3.1. System description and measurements

The combustion system is a 30 kW lab-scale plant that is designed to
operate with a low oxygen concentration in the fixed-bed and with
different biomass fuels [23].

The primary zone has a square cross-section and a height of 370 mm.
The walls are made of fireclay bricks and externally water-cooled. At the
bottom of this zone, a grate made of two steel parts with swivelling axes
that allow retiring the ash once the operation cycle has ended, supports
the solid fuel bed. The plant can operate continuously between 5 h and
10 h without ash removal depending on the ash mass fraction of the fuel.
The primary air is introduced below the grate and fresh fuel is fed
through an opening in one of the primary zone walls at 180 mm above
the grate. Secondary air is introduced above the primary zone through
12 nozzles positioned around a circular section and oriented to create a

swirling effect in the airflow.

Above the secondary air injection, there is the so-called secondary
zone, and then there is the tertiary air injection, with the same config-
uration as the secondary air one, and its corresponding tertiary com-
bustion zone. Following this section there is a 2-pass heat exchanger and
the outlet. Fig. 2 shows a schematic view of the plant, indicating the
location of each zone, the fuel inlet and the different air injection
positions.

The experimental work [23] is focused on the determination of the
different processes within the fixed-bed. Because of this, the data pro-
vided correspond to measurements taken within the primary zone.
Measurements are carried out at four different levels inside the primary
zone (Fig. 3a). Starting from the grate surface, the first set of in-bed
temperature measurements is taken at a height of 5 cm, the second
one at 11 cm and the third one at 17 cm. Above the solid fuel bed, at 32
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and top view (c). Adapted from Ref. [23].

cm over the grate, another series of measurements, both of temperature
and gas composition, is taken. Each set of measures consists in the data
registered at nine different positions in the same horizontal plane
(Fig. 3b). As can be seen in Fig. 3c, these nine positions are the result of
dividing the cross-section in nine sectors. Each measurement is taken
approximately at the centre of each division.

The temperature measurements are obtained using thermocouples at
the four levels and the producer gas is extracted through a probe for its
characterization at the extraction level. A sampling system is used to
collect the tars and dry the extracted gas. Then a gas analyser is used to
characterize the dry tar-free gas composition. The experimental data
[23] includes the average temperature for each level, the volume frac-
tion of CO, CO5, CH4 and H in the dry gas for the nine extraction points
and the mass of tar collected per normal cubic meter of analysed gas for
the same points.

3.2. Fuel and operating conditions

The design of the plant allows the use of different types of biomass
fuels. In the experimental work, several cases using wood chips with
different moisture contents and miscanthus pellets are presented,
including flue gas recirculation in some cases [23]. In this work, two
different cases using P16S wood chips with 8% (w8 WOR) and 30%
(w30 WOR) moisture content without the use of flue gas recirculation
are studied. These two cases were selected to study the impact of fuel
moisture content on thermal conversion processes and emissions. The
properties of the fuels are presented in Table 4.

The operating conditions for the studied cases are shown in Table 5.
The two chosen cases correspond to the experimental test where the two
mentioned fuels are used, and no flue gas recirculation is applied.

3.3. Discretization and boundary conditions

The system has to be discretized into control volumes in order to
apply the CFD methodology. The discretized domain includes mainly the

Table 4
Fuels characterization [23].

Parameter Unit Wood chips (w8) Wood chips (w30)
H,0 Mass fraction” 8.0% 30.7%

C Mass fraction” 50.7% 50.7%

H Mass fraction” 6.0% 6.0%

0 Mass fraction” 42.5% 42.5%

N Mass fraction” 0.1% 0.1%

Ash Mass fraction” 0.7% 0.7%

GCV MJ/kg" 20.4 20.4

NCV MJ/kg" 17.4 12.4

2 Wet basis, as received.
Y Dry basis with ash.

Table 5

Operating conditions of the simulated experimental test runs [23].
Parameter Unit w8 WOR w30 WOR
Fuel power kw 32.7 28.7
Fuel mass flow kg/h 6.8 8.3
Aprimary - 0.20 0.21
Primary air mass flow kg/h 7.5 7.4
Fixed bed height M 0.25 0.25
Primary air temperature °C 20.0 22.7

gas zones. These are the primary, secondary and tertiary air plenums,
the primary, secondary and tertiary combustion zones, and the heat
exchange zone. Also, the solid parts that are located between these
zones, as the grate, are also meshed. Neither the surroundings nor the
solid of the walls that enclose the gas zones have been meshed. In these
cases, different boundary conditions have been applied to these walls.

The walls of the primary zone are made of fire-bricks while the other
walls are made of steel. In the secondary and tertiary zones, where high
temperatures are expected, there is a layer of vermiculite over the steel
walls to protect them. The thermal properties of each material are
applied to each solid part, if it has been meshed, and to the boundary
walls, including their thickness. Regarding the heat transfer from the
boundary walls to the exterior, convection is considered. For the pri-
mary, secondary, tertiary and heat exchange zones, which are water-
cooled, convection to water conditions are applied. For the other
walls, convection to still air is considered [36,39]. Also, an emissivity
value of 0.8 is applied to the internal walls to take into account the in-
fluence of the fouling layer in the radiation heat transfer [39].

Mass flow inlet conditions are applied to the primary, secondary and
tertiary air inlets. The primary air flow and fuel feeding rates are shown
in Table 5. The fresh fuel is fed continuously using the saturation method
presented in previous work [39].

Polyhedral cells have been chosen as discretization elements. This
type of cells allow to reduce the number of elements needed to discretize
the domain in comparison with tetrahedral cells and result in better
performances of the bed physics algorithms [56,57]. The mesh is more
refined near the walls and where higher gradients are expected, as in the
bed region or in the air injection nozzles. After conducting mesh
dependence tests, a mesh composed of around one million cells was
chosen. One of the assumptions of this Eulerian model is to consider the
bed as a dispersed porous medium with volume-averaged properties
within each cell. For this assumption to be correct, each cell must be a
porous medium composed of several fuel particles. Therefore, the size of
the cells has to be larger than the size of the fuel particles. The mesh in
the bed zone is more refined towards the walls and about 0.5 cm above
the grate, due to the discretization of the grate primary air holes. Dis-
regarding these smaller cells, the average cell size in the bed is around
0.7 cm3, with cells up to 1.85 cm3 in volume. This volume is greater
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than the average volume of fuel particles, so it is correct to consider that
several particles reside in each cell. In smaller cells where this premise is
not true, the values shall be understood as representative of an averaged
volume of a specific region of the bed and not of the particles within the
cell [37].

4. Results and discussion
4.1. Pseudo-steady state conditions

A transient simulation was carried out for each case. The simulation
starts with a fresh fuel bed that is ignited applying a radiation source to
the bed. Once the fuel has dried out and starts to burn, this heat source is
disconnected and fresh fuel is fed, aiming for a self-sustaining combus-
tion. Variables such as flue gas temperature, heat of reaction, oxygen
excess or solid fuel mass are continuously monitored to check the evo-
lution of the simulation, which is carried out until a pseudo-steady state
with stable combustion is reached. Combustion of solid biomass presents
a pulsating behaviour [71]. Therefore, some of the monitored variables
will describe an oscillation. The solution is considered converged when
the monitored variables tend to a stable value or to oscillate periodically
with a constant mean value, in what can be considered as a
pseudo-stationary state.

In the experimental work, the operating point of each test run is
defined by two parameters: fuel mass flow and primary air mass flow (or
primary lambda), which result, for both cases, in a solid fuel bed height
of 0.25 m above the grate surface (Table 5).

In order to have a constant bed height, it is necessary that the thermal
conversion ratio of the fuel is equal to the fuel feeding ratio. In other
words, the fuel has to be consumed at the same rate at which it is
introduced. The primary air flow is the parameter that controls the
thermal conversion ratio of the solid fuel. A higher primary lambda
results in faster fuel consumption rates and lower primary air ratios lead
to longer fuel residence time before it is totally consumed.

w8 WOR

y

Renewable Energy 215 (2023) 119003

For the simulations, it has been decided to set the same fuel mass
flow rates as in the experimental tests, keeping them constant, and
search for the primary air flow rate that results in a constant bed height
equal to that reported in the experimental work. In both simulated cases,
the initial operating conditions chosen for the fuel mass flow and pri-
mary air mass flow were the same as for the experimental tests (Table 5).

During the calculations it has been seen that, for the initial condi-
tions, the solid fuel bed height increases continuously and exceeds the
0.25 m height because the primary air flow rate is not sufficient to make
the fuel thermal conversion rate equal the feed rate. In order to find the
operating conditions to keep a constant solid fuel bed volume, several
calculations, increasing progressively the primary air fuel ratio, were
carried out. It has been found that primary air flows of 8.28 kg/h and
7.62 kg/h for the w8 WOR and w30 WOR cases respectively, result in
constant solid fuel bed volumes with an approximate height of 0.25 m.
With these conditions, the volume of wood and char in the bed are
practically constant with only a very slow bed height increase due to the
accumulation of inert ash in the lower part of the bed, above the grate.
The final operating points correspond to a primary air lambda of 0.22 for
both fuels. This obtained value in the model that leads to bed height of
0.25 m is very close to the experimental values for primary air lambda of
0.20 and 0.21, which shows the suitability of the employed model to
predict with a good accuracy the required primary air lambda to obtain a
certain bed height. For both cases, the slight increase of primary air ratio
in comparison to the experiments has been compensated by decreasing
the secondary air ratio to maintain the global lambda at a constant value
of 1.5.

The calculation is run until all the monitored variables are stable, or
describing periodically oscillations around a stable mean value, which
means that a pseudo-stationary state has been reached and convergence
has been achieved. Once the pseudo-stationary state has been reached,
the temperature and species monitors were recorded for 5.000 s of flow-
time, to obtain time-averaged values. The graphs showing comparisons
between numerical and experimental data present time-averaged values

w30 WOR

X

Fig. 4. Bed shape and height contours. In brown, cells in which solid fuel is present.
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for both data series. However, the CFD contours correspond to a specific
moment (time-step) within the chosen interval. Since there is no major
change in the state of the solid fuel bed once the pseudo-steady state has
been reached, the chosen time step can be considered representative of
the whole interval.

As can be seen in Fig. 4, the solid fuel bed has a similar height and
shape for both cases. The beds are higher on the right side, where the
fuel inlet is located, with a downward slope towards the opposite wall.
The average height of the beds is around 0.25 m for both cases, which
was the target height. The bed shape is in line with the experimental
results as can be seen in the schematic drawings presented in Figs. 2 and
3.

4.2. Comparison to experimental product gas composition and
temperatures

The numerical results obtained will be compared against the exper-
imental data [23]. The gas composition and temperature above the solid
fuel bed will be analysed. In addition, the temperature distribution in-
side the solid fuel bed is studied. The experimental data correspond to
average values with their corresponding standard deviations.

4.2.1. Product gas composition

The gas measurements presented are the volume fractions of carbon
monoxide, carbon dioxide, methane and hydrogen, all of them related to
dry product gas (without water vapour and condensable tars) at stan-
dard conditions. Figs. 5 and 6 present the comparison of the spatial
distribution of species at the extraction level between the CFD results
and the experimental data for both studied cases. The experimental data
presented are the time-averaged volume fraction, in tar-free dry gas
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basis, for each specie, with its standard deviation, at each of the nine
coordinates. The tar concentration is measured as mass of condensed tar
per volume of tar-free dry gas analysed. The numerical results are pre-
sented as three-dimensional surfaces representing the concentration of
each specie at the extraction level. For all cases, the x and y axes
represent the horizontal dimensions of the system and the z axis the
concentration value of each specie.

In Fig. 5 it can be seen how the CO experimental measurements have
a fairly homogeneous value for the 9 points in both cases. The mea-
surements vary slightly, being higher at the points closest to the fuel
inlet wall (Y = 1) and decreasing towards the opposite wall. The nu-
merical results are even more homogeneous than the experimental re-
sults, with a slight tendency for the maximum values to be on the wall
opposite the inlet (Y = 3). The CO; distribution for the w8 WOR case
presents the maximum values at Y = 1 points, decreasing to the middle
of the grate and with a slight increase towards the end. The model also
predicts the maximum concentration at the inlet side but with a
continuous decrease in concentration towards the opposite wall. For the
w30 WOR case, the CO, measurements present a homogeneous distri-
bution of CO; at the extraction level both in the experimental and nu-
merical case.

The CFD distribution of CHy, as can be seen in Fig. 6, resembles the
one of CO5 but with lower concentration, for both cases, showing a good
agreement between experimental and numerical data. As for the Hj
distribution, for the w8 WOR case, the model results show an over-
estimation of the hydrogen volume fraction at the points closest to the
fuel inlet. This can be attributed to the absence of air infiltration through
the supply system, which is not considered in the numerical case. This
air would oxidise the hydrogen in the region near the fuel inlet
decreasing its concentration. Despite this, the decreasing trend towards
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Fig. 5. Comparison of CFD and experimental [23] data of the spatial distributions of CO (top) and CO, (bottom) concentrations at the gas extraction level for the

positions depicted in Fig. 3c.
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the end of the grate and the values at these points are predicted
correctly. The w30 WOR case measurements show a homogeneous
release of Hy all over the surface. The numerical values fit reasonably
well this distribution but with a slight overestimation of the concen-
tration towards the (—1, 3) corner.

The spatial distribution of condensable tars (bottom of Fig. 6) is
similar to that of Hj for both cases. In the 8% moisture content case, the
higher tar concentrations are detected at the points closest to the inlet.
At these points (Y = 1) the model predicts a symmetrical release, with
the maximum value at the centre and similar values at the right and left
points. However, the experimental extractions show a not uniform dis-
tribution of tars, with a higher release of tars towards the left side
looking from the inlet to the inside of the system (X = 1). Using an auger
conveyor to supply the fuel causes the majority of the fuel to enter to the

right side (X = -1), which makes the drying the dominating process in
this zone. Once dried, the fuel crumbles to the position (1, 1) where its
pyrolysis takes place, causing this high release of tars towards that side
[23]. However, the saturation feed method introduces the fresh fuel
through the designated inlet boundary by pushing it homogeneously
into the system in the y-axis direction. For this reason, in contrast to
experimental measurements, the simulation gives a more symmetric tar
distribution around the fuel inlet. Towards the centre and the opposite
side, the tar concentration decreases abruptly in both the experimental
case and the numerical simulation. As for the 30% fuel moisture case,
the spatial tar distribution is much more homogeneous that in the other
case and no clear trend is discernible. The comparison between experi-
mental and numerical data shows the most notable discrepancy in the
(-1, 3) corner, where the model has predicted the maximum tar
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Fig. 7. Comparison of the CFD and experimental [23] surface average gas composition at the extraction level.

concentration in contrast to the minimum value measured in the
experimental work.

The analysis of the spatial distribution of species shows that the
moisture content of the fuel has a strong influence on the zones where
pyrolysis volatiles are released. The w30 WOR case shows a more ho-
mogeneous distribution of species over the whole bed surface than the
8% case, whose distributions show high gradients from the fuel inlet to
the opposite wall. Overall, the trends identified experimentally are
reasonably well represented, with some minor discrepancies, by the
numerical simulation.

To check whether the new pyrolysis mechanism correctly predicts
the biomass conversion into volatile species, in Fig. 7 the experimental
and numerical surface average concentrations of each compound at the
extraction level are compared. In both cases, the CO yield predicted is
slightly higher than the experimental measurements, with an 8% error
for the w8 WOR case and 5% for the w30 case. On the other hand, CO; is
slightly underestimated in both cases but with values very close to the
experimental. The CHy is predicted almost exactly in both cases but the
H, is overestimated, especially for the w8 WOR case, as had already
been detected in the analysis of the spatial distribution of Hy (Fig. 6).
The tar concentration, which is measured in grams per meter cubic of
tar-free dry gas extracted, is close to the numerical results in both cases,
with an underestimation of 3% for the w8 WOR case and an over-
estimation of 2% for the w30 WOR case.

It has been proven that, in both cases, the model can predict with a
good accuracy the product gas composition. At the extraction level, a
low CO5 concentration and a high CO and tar concentrations have been
detected. This is a direct result of low primary lambda conditions, which
make the system work as a gasifier in the primary zone.

4.2.2. Temperatures

In Fig. 8, the temperature distribution in the primary zone for the two
cases studied is shown. The experimental points show the average of the
temperature measured at the nine measurement points at each level,
three inside the fuel bed and one at the gas extraction level. The nu-
merical data present the continuous distribution, along the vertical axis,
of surface average temperature from the grate to the extraction height.
In both cases, it can be seen that the maximum temperature, around
1100 °C, is achieved around 2-3 cm above the grate. The position of this
zone is conditioned by the height of the layer of ash accumulated in the
lower part of the bed. The values calculated for the w8 WOR case fit
quite well with the values measured inside the bed. As for the gas
temperature at the extraction level, a value higher than the experi-
mentally measured one has been predicted. On the other hand, for the
w30 WOR case, the largest deviation between the CFD and experimental
results is observed in the measurement closest to the grate, where the
experimental value is slightly higher than the calculated value.

It can be seen that, in both cases, there is a high temperature gradient
inside the solid fuel bed in the vertical direction. Because of this, any
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small displacement of the thermocouples could result in a significant
variation of the temperature measured. This is also reflected in the high
values of the standard deviations of the experimental measurements.
Taking this into account, it can be considered that the numerical model
predicts the solid fuel bed temperatures with good accuracy. The model
correctly predicts that for the w30 WOR case temperatures are signifi-
cantly lower at the top of the primary zone than for the w8 WOR case,
while the temperatures close to the grate are similar. The most notable
deviation occurs in the gas phase temperature measurement for the w8
WOR case. In this case, from the bed surface (0.25 m), a temperature
slightly below 700 °C, and almost constant, is predicted along the ver-
tical axis. For the case of fuel with a 30% moisture content, the minimum
temperature is reached around the surface of the bed. From this point
on, there is a progressive increase in temperature, reaching 400 °C at the
gas extraction height.

The temperature difference in the zone between the bed surface and
the gas extraction is the main cause of the tar concentration difference
shown in Fig. 7. The tar cracking reaction rate is temperature dependent
and for temperatures below 500 °C the reaction rate is negligible [50].
Because of this, in the w30 WOR case, tar cracking does not occur below
the gas extraction zone, while in the w8 WOR case it does although to a
low extent, resulting in a tar concentration around 50 g per cubic meter
of dry gas lower than in the w30 WOR case.

4.3. Conversion zones and discussion of results

To analyse in depth the model behaviour and the differences be-
tween both cases, the contours of the solid fuel bed temperature and
components will be studied. Fig. 9 shows the temperature contours of
the solid fuel bed, including a cross-section to analyse the temperature
distribution inside the bed. There is a clear influence of the moisture
content of the fuel on the bed temperatures as already seen in the data
shown in Fig. 8. In both cases, the maximum temperature zones are close
to 1200 °C and are located above the accumulated ash layer, where the
primary air passing through the grate meets the char. This air flow
produces the oxidation of char, which is the most exothermic of the
reactions taking place inside the bed. From this area, the temperature
decreases progressively towards the upper part of the bed. This cooling
is faster for the w30 WOR case, as the temperature of the fuel at the
upper part of the bed is lower due to drying taking place to a higher
extent, resulting in a higher thermal gradient.

In the full volume contour of the w30 WOR case, it can be seen that,
towards the wall opposite the fuel inlet, the bed temperature distribu-
tion is not symmetrical. There is a higher accumulation of colder fuel
towards the right-hand corner, looking from the inlet. Taking into ac-
count that the system is symmetrical with respect to the y-z plane, the
fuel is fed around the centre of the fuel inlet and that the primary air is
distributed homogeneously across the horizontal section of the bed, it
can be inferred that this asymmetry can be attributed to a computational
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Fig. 8. Comparison of the CFD and experimental [23] temperature distribution in the primary zone along the vertical axis.

reason. The solid bed movements algorithms are based on vector oper-
ations over the geometric structure of the mesh [56,57]. The polyhedral
mesh used in these cases is not structured which means that the mesh is
not symmetrical. In addition, the bed physics algorithms work with cell
loops to move the solid fuel from one computational cell to another. The
loop of cells is controlled by the CFD code and is always performed in the
same cell order. This, combined with the mesh being not structured,
results in preferential paths for solid fuel movements, especially in the
case of the fresh fuel entering the system, leading to a higher accumu-
lation of colder fuel on the bed surface towards the corner mentioned
above. This zone corresponds to the measurement point (—1, 3), where
the largest deviations were found for the case w30 WOR. At this point,
the predicted hydrogen and tar fractions showed a larger deviation than
in the other 8 points. These overestimates are a direct consequence of
the preferential paths that cause the fresh fuel to reach this zone of the
bed, where it is pyrolyzed.

The model also allows to visualize the solid fuel bed composition, as
seen in Fig. 10. The contours of moisture, wood and char content show
the different stages of the thermal conversion of the fuel. The influence
of the moisture content on the thermal conversion of the fuel can be
clearly seen by comparing the contours of both cases. For the w8 WOR
case, due to the high temperature in the zone (around 700 °C), the fed
fuel dries very fast, which causes the wood to pyrolyze very close to the
fuel inlet. This results in low wood accumulation and a very localised
release of water vapour and pyrolysis volatiles, in front of the fuel inlet,
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as have been seen in the analysis of the species spatial distribution.

On the other hand, for the 30% moisture case, the fuel needs more
time to dry. As it can be seen in the moisture contours, both the moisture
content and the accumulation of wet fuel are higher than in the w8 WOR
case. The wet fuel even reaches the rear wall, accumulating towards the
corner, with the consequent accumulation of wood in this zone, as can
be seen in the wood contour. As already discussed, this tendency of the
fresh fuel to move to this zone is the cause of the major discrepancies,
between the experimental and the CFD, detected at the (—1, 3) mea-
surement point. Apart from this, the w30 WOR case show that there is a
layer of wood over the entire surface of the bed, which results in a ho-
mogeneous pyrolysis species distribution, unlike the 8% moisture case,
where there is a localised wood pyrolysis front near the fuel inlet. These
results are in accordance with the species spatial distribution analysis,
showing a correlation between the drying and pyrolysis fronts and the
species detected in each measurement point.

Finally, we can see that in both cases the bed is mainly composed of
char, with a thin layer of compacted ash in the lower part. This high
amount of char is a direct consequence of the low primary air conditions
used, which makes the system work like a gasifier, with a small fraction
of the char being consumed by oxidation and most of it by gasification,
which favours a higher char accumulation. For this reason, the major
specie predicted above the bed is CO, which is the main product of
gasification, and is homogeneously distributed since the char layer oc-
cupies the entire horizontal section of the bed.
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Fig. 9. Temperature contours of the solid fuel bed. Full volume (top) and mid-plane (x = 0) cross-section (bottom).

The results shown in this work represent a significant advance in
modelling novel combustion technologies with a low primary air ratio in
the fuel bed. The current experimental results were already modelled
with a one-dimensional bed conversion model [50], showing a good
agreement for the surface average product gas composition at extraction
level and for bed temperatures and conversion zones along the height of
the reactor. However, this previous work had several limitations, i.e. the
spatial distribution of the release of species could not be predicted, the
bed height had to be fixed for the simulations, and thermal boundary
conditions at the grate and top of the bed had to be pre-defined based on
assumptions. These limitations are overcome in the current work, which
has a higher and more detailed predictability and therefore represents a
significant advance in the understanding of the conversion processes in
novel combustion technologies with a low primary air ratio in the fuel
bed.

5. Conclusions

An Eulerian Biomass Thermal Conversion Model was modified to
include a biomass reaction mechanism obtained from the application of
a detailed pyrolysis scheme (RAC) for softwood. Its implementation in a
detailed three-dimensional CFD model allowed for the assessment of its
accuracy in predicting the spatial distribution of conversion zones
within the fixed bed, as well as temperatures and released volatiles. For
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this purpose, a small-scale biomass combustion system with low primary
air ratio was simulated. Two cases were examined, each using fuels with
different moisture contents (8% and 30% by mass). The obtained results
were validated against experimental data.

The model was able to correctly predict the solid fuel bed height and
shape. Temperature and species distribution are also predicted with
reasonably good accuracy, correctly characterising the thermal con-
version processes for both fuels. The moisture content of the fuel has a
significant impact on the pyrolysis front size and location. The fuel with
higher moisture content leads to a more homogeneous distribution of
volatiles over the bed surface. Nonetheless, the average composition of
the dry gas is very similar for both cases. The model shows a slight
overestimation of the CO concentration by 8% and 5% for each
respective case. On the other hand, the CO, content in the producer gas
is slightly underestimated. The results for the CH4 and H content closely
match the experimental values, except for the Hy concentration in the
8% moisture content case. In this case, higher concentrations of H; are
observed towards the fuel inlet, which may be attributed to no consid-
ering air infiltrations.

In both cases, the bottom part of the solid fuel bed consists of a thin
layer of ash and a thick layer of char. The maximum temperatures,
approximately 1100 °C, are recorded at the bottom of the char layer for
both cases. From that point, the temperatures gradually decrease to-
wards the bed surface. While for the 8% moisture case the minimum
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temperature predicted is around 700 °C above the solid fuel bed, for the
30% case there is a higher temperature decrease, going down to 300 °C
in the gas zone. The lower temperatures above the bed impede the tar
cracking reaction, leading to a 25% higher tar content in the producer
gas in the case with 30% moisture content fuel.

It has been demonstrated that three-dimensional modelling provides
valuable information about the thermal conversion of biomass in com-
bustion systems. The developed model is a valuable tool for simulating
biomass combustion systems with beds consisting of numerous fuel
particles, allowing for calculations of long boiler operating time with
affordable computational requirements. As future work, modelling the
formation of pollutant emissions such as NOx or PM can be considered,
along with studying emission reduction methods like flue gas
recirculation.
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