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Abstract

Computational fluid dynamics (CFD) simulations of large-scale furnaces or
reactors for thermal conversion of solid fuels remains challenging partially
due to the high computational cost related to the particle sub-models. Ow-
ing to the thermally thick nature, it is particularly expensive to simulate the
conversion of large fuel particles such as biomass particles. To address this
issue, a fast-solving particle model was developed in this work with special
attention to the computational efficiency. The model spatially discretizes a
fuel particle in one homogenized dimension. The conversion process of the
fuel particle is treated as a reactive variable-volume one-dimensional tran-
sient heat conduction problem. The model also utilizes several features that
are typically found in sharp interphase-based models to reduce the compu-
tational cost. Validation of the model was carried out by comparing with

experimental results under both pyrolysis and combustion conditions. The
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accuracy and computational efficiency of the model was thoroughly exam-
ined by varying the degrees of temporal and spatial discretization. It was
found that the model well predicted pyrolysis and combustion of a single
biomass particle within a broad range of temporal and spatial discretization.
The time used to simulate the conversion of a biomass particle using the
developed model can be more than one order of magnitude smaller than the
conversion process itself. It was also revealed that a well-predicted conduc-
tive heat transfer inside the particle is essential for a precise simulation of the
drying and devolatilization process. The char conversion process, however,
is less sensitive to the external heat transfer as it is mainly controlled by the
mass diffusion process. Further studies showed that a time step of 1 x 1073 s
and a spatial discretization of 20 cells were sufficient for simulating the con-
version of typical fuel particles in grate-fired and fluidized-bed furnaces. We
also demonstrated that when the particle model was implemented in a CFD
solver, only 2.2% of computational overhead was introduced by the model.
As the model can efficiently employ fixed time stepping, optimal load bal-
ancing during parallel computing of many simultaneous conversion processes
becomes trivial. This performance opens up new possibilities for treating
fuel polydispersity in Eulerian CFD simulations of biomass conversion.
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Nomenclature
Symbols

A pre-exponential factor (1/s)



AC

dt

AH

Kery

117127l3

ash content (-)

matrix coefficient (J/K s)

matrix coefficient (J/s)

molar concentration (mol/m?)

heat capacity (J/kg K)

initial diameter (m)

time step (s)

heat of reaction (J/kg)

activation energy (kJ/mol)

convective heat transfer coefficient (J/m? K s)
effective rate constant (m/s)

initial length of a finite cylinder (m)
initial dimensions of a parallelepiped (m)
molar mass (kg/mol)

mass of a given species in a cell (kg)
particle mass (kg)

moisture content (-)

number of cells (-)



rb

RCT

RE

homogenized radial position (m)

particle radius (m)

relative calculation time (-)

relative error (%)

mass source during a given conversion stage (kg/s)

specific gravity (-)

implicit coefficient for the source term of energy equation (J/K s)

explicit contribution to the source term of energy equation (J/s)

Senergy source term of energy equation (J/s)

SA

SF

surface area (m?)

shrinkage factor during a given conversion stage (-)
time (s)

gas temperature (K)

solid temperature (K)

reactor wall temperature (K)

timescale of conductive heat transfer (s)

tiotal,car total time used for executing the code (s)

tiotal,con total conversion time of a particle (s)

4



% volume of a given species in a cell (m?)

Ve volume of a cell (m?)

V,  particle volume (m?)

w mass fraction (-)

xb  location of the outer cell boundary (m)

xc  location of the cell mass center (m)

Greek

Q@ fraction of oxygen consumed by volatile gases (-)
g mass transfer coefficient (m/s)

r particle shape factor (m?)

€ emissivity (-)

0 radiation temperature (K)

K thermal conductivity (J/m K s)

p density (kg/m3)

o Stefan Boltzmann constant (kg/s® K*)

o) volume fraction (-)

X coefficient of the explicit discretization of the energy equation (J/K s)
Q stoichiometric coefficient (-)



Subscript

00 far field
ash  ash
b cell outer boundary i.e. west boundary

BL  baseline

C carbon atom

char char

charc char conversion process
char f char front

db dry based

dev  devolatilization process
dry  drying process
dry_wood dry wood

E east cell

gas  gas

H hydrogen atom

H20 water molecule

O oxygen atom



02  oxygen molecule

P cell center

sur  particle surface

tar  tar

vol  volatiles

W west cell

wb  wet based

wet_wood wet wood

Superscript

* current time step

0 previous time step
Abbreviations

CFD computational fluid dynamics
DEM discrete element method
IBM interface-based model

MBM mesh-based model

ODE ordinary differential equation

PDE partial differential equation



SFOR single first-order

SIMPLE semi-implicit method for pressure linked equations

1. Introduction

Biomass is a promising renewable source of heat, power, liquid fuels, and
chemicals. It has gained popularity due to the increased awareness of sustain-
ability, especially for the lignocellulosic biomass, which has been widely used
in the Nordic countries to replace fossil fuels [1]. Due to the fibrous nature of
lignocellulosic biomass, it is energy-intensive to reduce the size of a biomass
particle. Consequently, biomass fuel particles used in industrial-sized fur-
naces are usually much bigger than coal particles. Moreover, the proportion
and rate of release of volatiles differ significantly between coal and biomass.
This situation makes the often-used thermally thin assumption (i.e. negligi-
ble internal temperature gradients) in the modelling of coal conversion less
suitable when simulating conversion of biomass. In addition, a recent study
has suggested that temperature gradients inside a biomass particle need to
be considered even under suspension-firing conditions [2], where the major-
ity of fuel particles are less than 500 ym. The internal temperature field not
only influences the rate of conversion, but also to a great extent the biomass
decomposition products.

To more accurately simulate the conversion of biomass particles, non-
isothermal models accounting for the thermal thickness have been devel-
oped, ranging from simplified one-dimensional modelling approaches to com-
prehensive multi-dimensional models. A comprehensive overview of these

various modelling approaches has been presented recently [3], in which multi-
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dimensional models are recommended only when there is a need to account
for the anisotropy of the fuel particle or when the boundary conditions of the
fuel particle are varying significantly in space [3]. Both these scenarios are,
however, rare in large-scale biomass-fueled reactors. Despite the anisotropy
of the raw lignocellulosic biomass, the fuel particles used in industrial-size fur-
naces can generally be characterized as isotropic due to pretreatments such as
size reduction and densification. Even where this is not the case, such as for
wood chip fuels, the accuracy obtained from one-dimensional particle mod-
els is usually satisfactory without accounting for particle anisotropy [3]. The
assumption of homogeneous boundary conditions for the fuel particle is also
typically acceptable [4] since the size of a fuel particle is much smaller than
that of the fuel bed. Moreover, one-dimensional particle models are also typ-
ically linked to the surface area per unit volume of the particle phase, rather
than to the surface area of an individual particle, when used in Eulerian
fixed-bed reactor models [5]. Consequently, one-dimensional models with
their associated reduction in computational cost are in general well suited to
simulations of fuel particle conversion in large-scale biomass-fueled reactors.
This fact is even more pronounced when the particle conversion model is to
be coupled to a computational fluid dynamics (CFD) solver, as but one out
of many sub-models in what necessarily becomes a rather computationally
expensive configuration.

Generally, one-dimensional models can be categorized into two concep-
tual groups: interface-based models (IBMs) [5, 6, 7, 8, 9] and mesh-based
models (MBMs) [10, 11, 12, 13, 14, 15, 16, 17]. In the IBM, the fuel particle

is divided into three (moist wood, dry wood, and char) or four (moist wood,



dry wood, char, and ash) distinct layers. The chemical reactions and phase
changes are then described as occurring only in narrow regions between the
different layers (i.e. at sharp interfaces). With such a spatial discretization,
the governing equations for each layer become ordinary differential equations
(ODEs) coupled via boundary conditions at the interfaces. Thus, very few
equations and variables need to be solved and stored respectively, and the
relatively low memory requirements were also a main driving force for the
original development of these types of methods. In the MBM, a particle
is discretized along the radius into an ensemble of mesh points over which
the conservation equations are spatially discretized. Unlike the IBMs, each
discretized unit/cell may contain several different species in the MBM. All
governing partial differential equations (PDEs) are converted into an alge-
braic equation system by discretization in space and time. Depending on
the gradients of temperature and species mass fractions, various numbers of
grid points are needed for a reasonable representation of the particle con-
version process. In some combustion cases, the grid points for a single fuel
particle can be as many as 1200 [10], which potentially provides informa-
tion in much greater spatial detail compared to the more coarsely discretized
interface-models.

The IBMs are intuitively believed to have a higher numerical efficiency
than the MBMs due to the reduced number of equations. Comparative stud-
ies between IBMs and MBMs are however rarely reported. It was briefly
stated in a previous study [7] that the developed IBM could achieve a similar
level of accuracy as a more comprehensive MBM [15] but at lower compu-

tational cost. However, it is worth noting that IBMs have some inherent
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characteristics, which may limit their computational performance. For in-
stance, two different sets of energy equations need to be solved sequentially
at the boundaries and layers, since the solutions of the algebraic equations at
the boundaries provide boundary temperature data that need to be known
to advance the layer temperatures in time. Typically, a higher-order explicit
method [7] or an iterative implicit method [6] is used to solve the ordinary
differential equation for the layer temperatures. However, the accuracy of
both methods, as well as the robustness of the explicit method, is in prac-
tice limited by the smallest thermal mass of any present layer, indicating
that very small time steps are needed in the beginning and towards the end
of each conversion process (drying, devolatilization and combustion). Some
sort of adaptive time stepping is therefore typically required, as well as a
numerical limiter on the smallest layer or particle size allowed [5, 18]. On
the other hand, it is common that linearly implicit extrapolation methods
are utilized in the MBMs, which can be very efficient particularly when the
size of the matrix is small. One reason for the high computational cost of the
traditional MBMs is the consideration of intraparticle flow, which is usually
ignored in the IBMs. In traditional MBMs, five sets of transport equations
need to be solved of which four are related to the gas phase (continuity, mo-
mentum, energy, and species). The convective timescale of the off-gas may
be smaller, if not comparable, to the timescale of conductive heat transfer
in the solid phase, thus, resulting a lower maximum allowed time step. A
simplified MBM without solving intraparticle flow may therefore achieve a
good balance between accuracy and computational efficiency.

Even though the different types of particle models discussed here form the
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basis for comprehensive CFD simulations of reactors for biomass conversion,
the implications of the particle model formulation for the computational ef-
ficiency of the overall simulation framework are in general not discussed in
depth. In particular, biomass combustion systems are typically characterized
by a strong flow-chemistry coupling and chemical time-scales that are sev-
eral orders of magnitude smaller than those relevant for the global conversion
process [19]. In such situations, it is customary to invoke operator-splitting
and compute the source terms in the energy and species transport equations
for the duration of a fluid-flow time step [20, 21]. This repeated stopping
and re-initialization of the biomass conversion sub-model has profound con-
sequences for the global efficiency of the numerical method. For example,
higher-order time integration methods require storing of information from
multiple previous time levels and are associated with a larger computational
effort concentrated to the beginning of each CFD time interval [21]. Such
methods, which may exhibit superior performance to lower-order alterna-
tives in stand-alone codes, can therefore, perhaps somewhat unexpectedly,
deteriorate the overall performance of the final CFD implementation. In the
present work, we therefore choose to focus on the balance between computa-
tional efficiency, numerical accuracy and predictive capability achievable for
biomass particle conversion models intended for use in biomass conversion
reactor assessment.

Our long-term ambition with the current work goes further than a mere
reduction in the computational cost of particle sub-models in biomass con-
version simulations. We target our particle model development at a CFD

simulation scenario where the fluid flow time step is in the order of 1 x 1073
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s or less. If a particle model can be derived such that the computational
overhead in a typical fixed-bed conversion simulation is lower than e.g. 10%,
then new opportunities will present themselves. More specifically, if the cost
of executing one instance of the particle model is small enough, more in-
stances can be afforded with little penalty to the overall computational cost.
These additional instances could enable a more elaborate treatment of par-
ticle polydispersity or finer spatial resolution in Eulerian simulations. The
success of such a computational setup would also in practice depend on the
possibilities to achieve efficient parallelization of many simultaneous particle
conversion processes. We shall return to these possibilities in the discussion
of the results.

The remainder of this paper is organized as follows. In Section 2, a sim-
plified MBM is presented. Besides neglecting the demanding solution of the
intraparticle gas flow, the proposed model combines the concept of sharp
reaction fronts from the IBM and the advantage of the traditional MBM
by using an efficient matrix solver (LU factorization). The modeling details
of phase change, reaction, thermophysical parameters, and solution strategy
are also described. Validation of the model is discussed in Section 3 by com-
paring with the experimental data and results from an IBM. In Section 4,
comprehensive analysis of the model is carried out to systematically scru-
tinize effects of model formulation on the predictability and computational
efficiency in various conditions. A specific aim is to establish a solid theoret-
ical foundation for interpretations of the observed results. Moreover, general
guidelines for CFD simulations using one-dimensional thermally thick parti-

cle sub-models are given, and new possibilities offered by the herein presented
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particle model are discussed.

2. Theory

2.1. Model framework

As the present model is developed based on an, in our opinion, well-
established baseline model [5, 6], implementation details regarding the physic-
ochemical modeling of the conversion processes are not discussed in detail
here. We have strived to achieve as similar implementations as the overar-
ching model frameworks allow. The same argument can be made for the
choice of material and transport properties — it is not the main purpose here
to assess the relative merits of different correlations and literature sources
on these values, but to illustrate, analyze and contrast the model behaviors
for an acceptable set of property values typical of thermochemical conversion
of woody biomass. The main differences between the present MBM, com-
prehensive MBMs, and IBMs are summarized in Table 1 (the characteristic
features of comprehensive MBMs and IBMs are exemplified using previous
works [6, 15]). It should be noted that, although there is no direct resolution
of gas-phase species concentration fields in the present MBM or in classical
IBMs, effects of chemical reactions on outflowing gases may still be included
in these modelling frameworks by integration of the reaction rate expressions,
given that the residence time through the exterior layers and an approximate

temperature profile in these layers are always known.

2.2. Particle heat balance
In the discretized particle model proposed in the current work, the ther-

mochemical conversion of a biomass particle is essentially treated as a re-
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Table 1: Main differences between the present MBM and typical comprehensive MBMs

and IBMs.

Present MBM

Comprehensive MBM

IBM

Hydrodynamic con-
sideration of intra-

particle flow

Not considered

Darcy’s law or full
Navier-Stokes equa-

tions

Not considered

Direct resolution of
gas-phase species
transport inside par-

ticle

Not considered

PDEs for each gas-
phase species includ-
ing temporal and spa-
tial gradients, convec-

tion and source terms

Not considered

Chemical reaction of
gas-phase species in-

side particle

Not considered

Arrhenius expressions

Not considered

Energy conservation

PDEs for the solid
phase

Combined PDEs for
both gas and solid

phases

ODEs for the tem-
peratures of the solid
phase layers and alge-
braic equations at the
boundaries between

layers

Solver

Matrix solver (Gaus-
sian elimination by

LU factorization)

Matrix solver (Gaus-
sian elimination, e.g.
tridiagonal matrix

algorithm; possibly
with auxiliary algo-
rithms for handling
pressure-velocity cou-

pling, e.g. SIMPLE)

ODE solver
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active variable-volume one-dimensional transient heat conduction problem.
The conceptual basis for the model is a previously developed IBM [5, 6],
which has here been fundamentally reformulated in adaptation to the MBM
framework. As illustrated in Figure 1, the biomass particle is divided into a
number of segments. In a conventional IBM, these segments would be few
and correspond to moist wood, dry wood, char and ash. Here, they merely
represent a spatial discretization of the particle and they may, at any given
point in time, correspond to either of the four previously listed constituents,
or a mixture thereof. The basis for the MBM formulation is the treatment
of the local particle properties as mass-weighted averages of the four basic
constituents, in effect turning the MBM into a “one-solid” model in the vein

of “one-fluid” models for segregated multiphase flows.

- —>
T
IBM
[ I .
MBM

B Wetwood (including ash)
Dry wood (including ash)
I Char (including ash)
Ash

Figure 1: Schematics of one-dimensional MBM.



The governing equation to be solved is thus:

oT, V, 0 (. T,
g = gy (06 ) + S @

where m,, is the particle mass (kg), ¢, is the particle heat capacity (J/kg

K), Ts is the particle temperature (K), t is the time (s), V, is the particle
volume (m?), T is the particle shape factor (m?), r is the homogenized radial
position (m), x is the particle thermal conductivity (J/m K s) and Sepergy 18
the source term (J/s) due to the conversion processes (drying, devolatiliza-
tion and char combustion). Expressions for the particle shape factor are
given in Table 2. Radiative heat transfer inside the particle may be included
via a semi-empirical contribution to the particle thermal conductivity [15].
However, this contribution is neglected in the current work, as the process
is mostly heat-transfer controlled at lower temperatures (during drying and
devolatilization) and mass-transfer controlled during char combustion (when
the temperatures are high).

The particle properties in Equation (1) are mass-weighted averages based
on the local presence of moist wood, dry wood, char and ash. Equation
(1) is discretized using a fully implicit finite-volume method, with a first-
order backward differencing scheme for the transient term and a second-
order central differencing scheme for the conduction term. The source term
linearization (Senergy = Su+SpTs) uses the temperature at the new time level
to harmonize with the implicit treatment, and the discretized equation [22]

for the temperature becomes:

~ xwlow +xelsp + XpTp + Su

T,
r X%+ xw + xE— Sy

)
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Table 2: Particle shape factors.

r
Infinite plate! 1
Infinite cylinder! 27r
Sphere 472
Finite cylinder? 2w (3r? +r(l — d))
Parallelepiped? 24r2+-8r((la— 1)+ (I3 —11))+2(la—11) (I3 — 1)

! For an infinite cylinder, I is related to a unit length of the cylinder, and
for infinite plates to a unit area.
2 Initial length ! and initial diameter d.

3 With initial dimensions l; xlyxl3, where [; represents the shortest end.

where the coefficients x (J/K's) and temperatures T have subscripts that re-
fer to the east (E), west (W) and cell center (P) positions, and a superscript
of 0 refers to the previous time level. The coefficients and all ancillary expres-
sions used in the discretized model are presented in the Appendix A to this
paper. The boundary conditions employed are zero gradient (symmetry) at
the particle center and a known temperature at the outer particle boundary.
The particle surface temperature is obtained from a heat balance where the
conductive heat flux into the particle is equated to the external (convective
and radiative) heat flux, under the assumption of no heat accumulation at
the surface. A uniform temperature field is provided as the initial condition.

The spatial discretization is performed so that the biomass particle is di-

vided into a number of cells of equal initial mass in its radial direction. Once
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the coefficients and source terms for all cells have been calculated, a system
of algebraic equations can be assembled. By neglecting the temperature-
induced variation of the coefficients over the time step, this equation system
can thereafter be solved directly by LU factorization with a matrix solver
(Meschach [23]). The combined method is stable, owing to its implicit char-
acter, and the employment of a first-order temporal scheme minimizes over-
head losses due to re-initialization after each fluid flow time step [21]. The
limitations in accuracy of the method brought about by the implicit treat-
ment [24] and the further approximation of slowly varying coefficients can be
offset by employing a small enough time step. Here, we take advantage of
the fact that a CFD simulation of biomass conversion anyhow must include
outer loops where the fluid flow solution is advanced in time with the newly
updated source terms from the particle conversion sub-model. This iteration
between the particle and the fluid level sets an upper limit on the time step
for the sub-model, implying that higher-order methods that would allow time
steps longer than the time scales on which the fluid flow must be updated

are anyway unnecessary.

2.3. Drying, devolatilization and char conversion

Two types of drying models are common in the literature: thermal drying
models and kinetic drying models. In this study, a single first-order (SFOR)
kinetic model with an Arrhenius type rate expression (Ag, = 5.13x 101 1/s
and Eg., = 88 kJ/mol [10, 15]) is chosen in order to guarantee that the tem-
perature field is everywhere differentiable and to improve numerical stability.
Some previous studies have suggested that two types of water are present in

woody biomass (free and bound water), the evaporation processes of which
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should be modeled separately [15] since they may behave differently. How-
ever, the determination of free water and bound water contents is nontrivial,
requiring complicated analytical methods (e.g. nuclear magnetic resonance
scanning). Considering the low availability of the required data and addi-
tional uncertainties it may bring, we do not distinguish between free water
and bound water in the current model. Previous experimental work has also
indicated that the effect of more tightly bound water on the overall drying
process is insignificant under conditions relevant to the current applications
[25]. Furthermore, the condensation of water vapor inside the particle is also
neglected in the current model, but there is nothing in the model formulation
that precludes an extension to include this effect in the future.
Devolatilization of biomass is a very complex process involving decom-
position of carbonaceous materials into permanent gases, tar, and char. An
accurate prediction of this process is usually considered very difficult. The
promising multispecies multistep models [26, 27] and structural models (Bio-
FLASHCHAIN [28], Bio-CPD [29], and FG-Bio [30]) are simply too expensive
to be used in the CFD simulation of large-scale reactors, despite their poten-
tials to predict product distributions over a wide range of temperature. On
the other hand, simple and fast-solving SFOR devolatilization models require
information of char yield in advance, making their application less reliable.
Hence, a competing devolatilization scheme is selected in this study to bal-
ance the computational cost, accuracy, and applicability. The formation of
light gases, tar and char are described by three competing SFOR reactions
(Adevgas = 1.11 X 10" 1/, Fjey gas = 177 kJ/mol, Agey tar = 9.28 x 10° 1/s,
FEievtar = 149 kJ/mol, Agey.char = 3.05 X 107 1/8, Egev char = 125 kJ/mol),
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respectively, which were derived from conditions close to this study [31, 32].
In addition, the selected kinetic parameters have been successfully applied
to simulate conversion of large biomass particles [2, 15]. In the current work,
this set of the devolatilization kinetics is used in all simulations to show col-
lective behaviors, as it is typically difficult to find kinetics matching both
wood species and devolatilization conditions.

This study aims to develop a model for combustion of biomass in fixed
or fluidized beds where a steep temperature gradient exists inside the par-
ticle. Therefore, char is assumed to be converted in an infinitely narrow
region similar to the method used in a previously developed IBM [5]. The
adoption of this assumption in the MBM avoids the requirement of knowing
concentrations of gas-phase reactants at every cell inside the particle, thus,
greatly reducing the computational cost. The mass source for char during

its conversion (Seharc.char) 1S given by the following equation:

Scharc,char = - (1 - Oé) COZ,ooleffSAcharMc (3>

where « is the fraction of oxygen that is consumed by the volatile gases (-),
Co2.0 represents the oxygen concentration in the far field (mol/m?), Q is
the stoichiometric factor of the char combustion (-), k.ss is the effective rate
constant estimated by taking both chemical kinetics and mass diffusion into
consideration [5, 19] (m/s), SAnqer is the surface area of the char front (m?),
and MC' is the molar mass of carbon (kg/mol). As shown in a previous
work [33], conversion of relatively large char particles at high temperature is
usually dominated by the oxidation reaction. Therefore, the gasification re-

actions are not included in this study. Various reaction schemes for modeling
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of char conversion have been proposed previously. With the goal of achieving
an acceptable balance between accuracy and computational cost, we choose
a global scheme [34]. This is an efficient model that has been widely used
to simulate combustion of biomass [5, 19, 35, 36, 37, 38, 39]. Moreover, it
has been well documented that the external mass transfer is the rate-limiting
mechanism for char oxidation in biomass-fueled grate-fired and fluidized-bed
furnaces [33, 40, 41], so different kinetic parameters may only have limited
effect on the overall conversion process of the char. Since the current single
particle model is intended to be coupled with a CFD solver where gas phase
reactions are handled, homogeneous gas phase reactions inside the particle
are not explicitly calculated. The consumption of oxygen by volatile gases is

instead estimated by a factor a:

w w w
~Sumarynoot (1= ACir-uro) ($2 + i — 52)

a = min

SAsurCOQ,ooﬁ (4)
Sdev,char (1 - ACchar) MLC 1
SAsu'rOOQ,ooﬁ ’

where Sgey dry wood a0d Sgey char are mass source terms for dry wood and char
during the devolatilization process respectively (kg/s), we, wy, wo are mass
fractions of carbon, hydrogen, and oxygen in the dry wood, respectively (-),
AC4ry wood and AC pqe, are ash contents in dry wood and char, respectively
(-), My and My are molar mass of hydrogen and oxygen (kg/mol), SA,, is
the particle surface area (m?), and 3 is the mass transfer coefficient (m/s).
To simplify the estimation, char is considered to contain only carbon and

volatile gases are assumed to be converted fully into COy and H5O.
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2.4. Additional model information

Shrinkage is a non-negligible phenomenon accompanying the entire con-
version process of a biomass particle including drying, devolatilization, and
char conversion. It is influenced by several factors, such as type of biomass,
water content, biomass density, size of the particle, and external heating con-
ditions [42]. Given that shrinkage depends on many parameters, it should
ideally be measured experimentally at the conditions of interest [43]. Here,
the volumetric shrinkage from dry wood to char (SFy,) and from char to
ash (SF pare) s estimated by constants (28% and 95%, respectively), as de-
scribed in a previous study [5]. Shrinkage during drying is calculated based
on wood species and moisture content as explained in the literature [42]. It
is important that the thermal properties are chosen in a consistent way with
regard to the changes the particle undergoes during conversion (mass loss
and shrinkage) [44]. This is, however, not a straightforward task particularly
for the determination of the thermal conductivity due to the variations in
wood species and moisture content. A general equation describing thermal
conductivity perpendicular (tangential and radial directions) to the grain [43]
was used in this study, whereas the thermal conductivity parallel to the grain
was estimated as 1.8 times the value in the perpendicular direction [43]. The
overall thermal conductivity was calculated by averaging in all three direc-
tions [44]. Regarding the thermal conductivity of char, a wide range of values
have been reported with magnitudes (in J/m K s) ranging from 1072 to 10°
2, 3, 15, 19, 43, 44, 45]. Thus, a median value of 0.1 was chosen in this
study. Details about the thermal conductivity and other model parameters

are listed in Table 3.
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Table 3: Model parameters.

Parameter Expression Ref.

wet wood: 45]
(4.206T, — 37.7) (1 — MCy) + 4309M Cy
+(23.55Ts — 1320M Cy, — 6191) M Cly,

Specific heat

capacity ¢,

(J/kg K)
dry wood: 4.206T, — 37.7 [45]
char: —119 x 107 27.* + 1010 x 107273 [45]
—3160 x 10772 4+ 4410 x 10737, — 334.0
ash: 754 + 0.586 (T, — 273.15) [19]
wet wood: [46]
Thermal

3.8 (S, (0.1941 + 0.4064M Cyp) + 0.01864) /3
conductivity k
Sy is the specific gravity

(3/m K s)
dry wood: 3.8 (0.19418, + 0.01864) /3 [46]
char: 0.1
ash: 754 + 0.586 (T}, — 273.15) 19]
Initial density p beech: 718 (MCyy, = 20%) [42]
(kg/m?) poplar: 844 (MC,, = 40%) [42]
boxwood: 830 (MClyy = 0%) ! [47]
beech: 14% (MCyp = 20%) [42]
Fury ) poplar: 13% (MCyy, = 40%) [42]
boxwood: 0% (MCyy, = 0%)*
Particle emissivity 0.85 [15]

€ ()

L MC,y is assumed to be zero, as it was not directly stated in the original

work [47].
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All the simulations were calculated sequentially using one of the compu-
tational cores from an Intel® Xeon® X5650 CPU (2.66 GHz, Intel® Turbo
Boost Technology disabled, Intel® Hyper-Threading Technology disabled).
The overall solving procedures for the IBM and the MBM are outlined in

Figure 2.
a nitialize solution nitialize solution
(a) Initiali luti (b) Initiali luti
l \ | j
' 7
Update interface
Calculate source terms p
temperatures
l N\ J
(Calculat dl ivative of |
. alculate derivative o
sugapiazinl?az?;tlire the layer temperature
P with respect to time
' 7
‘:‘(jﬁiif Determine ma- Test update of layer jsﬁz?ir:s
trix coefficients temperature to t+At
to t+At L to t+At
Solve matrix system s l N
to obtain particle Update interface
internal tempera- temperatures
ture field at t+At N l J
Update mass
in every cell

Figure 2: Solving procedures for the MBM proposed in the current work (a) and the IBM
on which it is based (b).

3. Model validation

The developed MBM has been validated against experimental data from
three different studies [14, 15, 47]. The first experiment is pyrolysis of a
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spherical beech particle (d = 0.02 m, MC\y, = 20%) in a nitrogen atmo-
sphere at a temperature of 1098 K. The ambient gas temperature (7,) and
reactor wall temperature (7,) in the simulation was considered to be the
same as they were not distinguished in the original study [14]. The second
experiment is combustion of a near-spherical poplar particle (d = 0.0095 m,
MCyy, = 40%) in air. The reactor wall temperature and ambient gas temper-
ature were configured as 1050 K and 1273 K, respectively in the simulation
according to the experiment [15]. Due to insufficient information provided
in the experimental studies, the convective heat transfer coefficient was esti-
mated from a correlation [48]. In both simulations, the particle is discretized
into 50 cells. A relatively small time step of 1.0 x 10~* s was chosen to ensure
stability and accuracy of the solution.

In addition to the experimental data, simulation results from other well-
validated models were also added. These include three comprehensive MBMs
(MBM 1 [14], MBM 2 [17], and MBM 3 [15]) and two IBMs (IBM 1 [5, 6]
and IBM 2 [18]) developed focusing on the numerical efficiency. We aim
here to illustrate the general performance of the single-particle model with
the assumption of constant boundary conditions. It should also be noted
that the same property and kinetic parameters were used in IBM 1 and
the proposed MBM, so that a direct comparison between the two different
modeling philosophies can be made.

The evolutions of particle surface temperature, particle central tempera-
ture, and mass loss for pyrolysis of a beech particle are shown in Figure 3.
As shown in Figure 3, a good agreement between the model predictions and

the experimental data can be found for the evolutions of both temperatures
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and mass loss ratios. In general, with thermochemical parameters as listed
in Table 3, the proposed MBM is able to reasonably capture both surface
temperature and mass loss during pyrolysis of a woody biomass particle.
In fact, all the included models behave similarly, despite being constructed
in significantly different ways. Nearly identical surface temperature profiles
were produced using different models. However, relatively large differences
are shown in Figure 3(b) regarding the center temperature. It is however
interesting to see that the IBM 1, using a thermal drying model, and the
proposed MBM, using a kinetic drying model, predicted very similar drying
times (the time until the center temperature rises above the boiling point of
water). This further proves the applicability of both models. The difference
between model predictions of the drying time mainly stem from the selec-
tion of the thermochemical parameters, such as heat capacity and thermal
conductivity. Examples of the influence of such parameters are illustrated in
Appendix B by varying the thermal conductivity of char. These examples
also show that better agreement with experimental data for both the IBM
1 and the proposed MBM can be obtained by choosing different parameter
values. Due to the overlapping of drying and devolatilization, the mass loss
of the particle is over 80% at the end of drying in all simulations. Therefore,
although different center temperatures were obtained after the end of dry-
ing as shown in Figure 3(b), mass loss profiles are rather similar, with the

exception of the simplified IBM 2 as indicated in Figure 3(c).
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Figure 3: Surface temperature profile (a), center temperature profile (b), and mass loss
profile (c¢) during pyrolysis of a beech particle using the parameters in Table 3. Better
agreement for the current MBM and IBM 1 can be obtained with other parameters, as

shown in Appendix B. (d = 20 mm, T, =T, = 1098 K, MC\, = 20%, ¢n2 = 100%)

Similarly, comparisons between model predictions and experimental data
of combustion of a poplar particle are shown in Figure 4. It can be seen in
Figure 4(a) that relatively big differences exist between the simulated surface
temperatures and the experimental data. All models give over-prediction of
the surface temperature at the early stage of the conversion process (less than
around 20 s). This disagreement likely arises from the experimental uncer-
tainties, as explained by the authors of the original work [15]. Since the sur-
face temperature was measured by a thermocouple buried next to the surface,
the reading from the thermocouple might be slightly lower than the actual
value. All models underpredict surface temperatures after around 10-20 s.
The lack of heat flux from the volatile flame perhaps contributes most to the

underprediction of the surface temperature. Unfortunately, it is difficult to
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accurately describe the process of volatile combustion using a single-particle
model only. This issue, however, can be resolved by the coupling with a CFD
solver. Additionally, authors of the experimental work have stated that the
bead of the thermocouple might lose contact to the particle surface and ex-
pose to the volatile flame during the tests [15], which potentially resulted in
higher temperature readings. It should be noted that the surface tempera-
ture calculated from the proposed MBM decreases slightly at around 50 s as
shown in Figure 4(a), which is a result of the completion of the drying pro-
cess. If a particle contains moisture, the center temperature of the particle
stays relatively low. The devolatilization front moves gradually from the hot
surface to the cold drying front, thus gently releasing volatile gases. A small
amount of volatile gases does not consume all the oxygen transported to the
particle surface. Therefore, there is still oxygen left for the exothermic char
oxidation, which elevates the particle surface temperature. However, after
the depletion of moisture inside the particle, the temperature of the particle
increases dramatically. A large amount of volatile gases is released accord-
ingly, and this causes a complete consumption of the oxygen that terminates
further char oxidation temporarily. Without the heat released from char ox-
idation, the surface temperature decreases slightly. Again, despite the large
differences between measured and calculated temperatures, the mass loss ra-
tios predicted by all models (apart from the IBM 2) agree well with the
experiment as shown in Figure 4(c). This phenomenon is further discussed

in Section 4.
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Figure 4: Surface temperature profile (a), center temperature profile (b), and mass loss
profile (c¢) during combustion of a poplar particle. (d = 9.5 mm, T, = 1273 K, T, = 1050
K, MCyp = 40%, ¢po2 = 21%, dn2 = 79%)

It can be seen from Figure 4(b) that all models produced a distinct tem-
perature plateau until around 40-50 s owing to the drying process. In fact, it
is promising to see that all models predict a similar drying time. On the other
hand, the measured temperature rises gradually after only 10 s. Such behav-
ior may be caused by heat conduction along the wire as detailed in a recent
study [47]. This influence should be more severe in the combustion case [15]
than in the pyrolysis case [14] due to the smaller particle and higher gas tem-
perature. In order to further test the proposed MBM under such conditions
(small particle and high gas temperature), another experiment [47] was used
for validation, which contains measured temperature profiles for pyrolysis
of boxwood particles with three different diameters (d = 0.003, 0.005, 0.008
m). In the simulation, the ambient gas temperature was set to 1355 K, which

is same as the measured gas temperature at the end of the experiment (50
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s after the start of the experiment), whereas the reactor wall temperature
was set to 723 K, as given in the experimental work [47]. Figure 5 shows
the comparison between measured center temperature and calculated values
using the proposed MBM. Note that all the shown experimental data have
been corrected to minimize the effect of heat conducted along the thermo-

couple wires [47]. It is clear that a better agreement is achieved compared

to Figure 4(b).
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Figure 5: Center temperature profile during pyrolysis of boxwood particles using the
parameters in Table 3. (d = 3, 5, 8 mm, T, = 723 K, T, = 1355 K, MCyp = 0%,
dn2 = 100%)

4. Results and discussion

In order to better understand the effects of spatial and temporal resolution
on the performance of the MBM, the two validation cases described in Section

3 (the pyrolysis of a 20 mm beech particle and the combustion of a 9.5
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mm poplar particle) were investigated further. The influence of the spatial
resolution of the MBM was investigated by varying the numbers of cells, and
the influence of the temporal resolution was studied by changing the time
step. In addition, two non-dimensional factors, relative error (RE, %) and

relative calculation time (RCT, -), are defined accordingly as:

n= Lttotal,conj 2
1 my (t) —my, BL (t)
RE =50% | — ’

N Z ( Mp g, (t)

1 N Ts sur t - Ts sur t 2
+50%, | — < 7 (T) ,t,BL()>
n t=1,2,...n s,sur,BL ( )
t otal,ca
ROT — ltotabcal ©)
total,con

where m,(t) and m, pr(t) are the particle masses (kg) calculated from a
test case and a baseline case at time ¢ respectively, T s, (t) and T sur 51 (%)
are the particle surface temperatures (K) calculated from a test case and
a baseline case at time t, respectively, tiota1,con 18 the total conversion time
of a particle (s), and ttarcar 15 the elapsed real time (wall-clock time) for
the calculation (s). When coupled with a CFD solver, the MBM exchanges
energy and mass with the surrounding environment. Accurate estimations
of surface temperature and mass loss of the particle are crucial to calculate
fluxes of energy and mass coming out of the MBM. Therefore, a combined
error function defined by both surface temperature and mass of the particle is
constructed in Equation (5). The baseline case referred to is a case configured
with very fine spatial and temporal resolutions. Details are given in the

following sections.
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4.1. Effect of the spatial resolution

Figure 6 shows predicted temperatures and mass loss ratios during com-
bustion of a 9.5 mm poplar particle using the MBM with the same time
step of 1 x 107* s but different degrees of spatial discretization (i.e. different
numbers of cells). Note that the case denoted as 107 was configured slightly
different from the others, in that combustion of char was not allowed until
all the dry wood in the particle had become char. The surface temperature
profiles look overall similar in Figure 6(a). However, some oscillations can
be observed for the cases with coarse spatial resolution. These oscillations
are caused by intermittent char conversion in the outermost cell. Since the
volatile flame is not accounted for in the particle model when de-coupled from
a CFD solver, the available oxygen for char conversion is instead estimated
from the amount of hydrogen being released (cf. Section 2.3). As indicated
from the surface temperature of the 107 case before 50 s, the outermost cell
was heated to a high temperature even without char conversion. This sit-
uation makes the char conversion in this cell very sensitive to the available
oxygen concentration. Given the small thermal mass of this cell, even a
small amount of oxygen can cause a big increase in the local temperature,
and consequently also in the surface temperature. Similar oscillating behav-
ior has also been reported previously using a different particle model [49].
Although the oscillation may appear dramatic, its influence on the overall
particle conversion is nearly negligible as shown in Figure 6(c). Moreover,
this oscillating phenomenon would be greatly reduced in a CFD simulation of
a large furnace, in which the oxygen concentration is influenced by a collec-

tive of particles and the homogenous gas phase combustion is simultaneously

33



accounted for.
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Figure 6: Effect of the spatial resolution on surface temperature profile (a), center temper-
ature profile (b), and particle mass loss ratio (¢) during combustion of a poplar particle.

(d=9.5 mm, T,, = 1273 K, T, = 1050 K, MC\p, = 40%, dpon = 21%, dn2 = T9%)

With an increased degree of spatial resolution, calculated surface temper-
atures seem to converge to the same values. On the other hand, the particle
center temperature varies more with the number of cells. This is due to that
the center temperature shown in Figure 6(b) is in fact the temperature of the
innermost cell. Since the particle is heated externally, the larger the inner
cell is (i.e. the lower the degree of spatial discretization is), the sooner the
center temperature appears to rise inside the particle. As shown in Figure
6(c), the effects of spatial resolution on the mass loss ratio are very small:
the predicted mass loss evolution is well characterized already at a resolution
of 10 cells.

Both temperature and heating rate may affect product distribution dur-

ing the devolatilization process. As shown in Figure 6, certain variations can
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be observed in the temperature prediction with varying degrees of spatial dis-
cretization. Since competing reactions have been implemented for resolving
the devolatilization process, the spatial discretization may also have an influ-
ence on the distribution of the devolatilization products. Figure 7 shows the
normalized cumulated mass for gas, tar, and char under the same condition
as used in Figure 6 as obtained with particle resolutions of 10, 50, and 200
cells. It seems that nearly identical product distributions are obtained. The
heating rate of the particle is relatively low (estimated to be below 100 K/s
during the devolatilization process) under the tested condition, and the slight
differences in the temperature prediction caused by varying spatial resolution

are too small to influence the product distribution.
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Figure 7: Effect of the spatial resolution on distribution of the devolatilization products
during combustion of a poplar particle. The product mass is normalized by the initial
particle dry mass. (d = 9.5 mm, T, = 1273 K, T, = 1050 K, MC., = 40%, ¢o2 = 21%,
dno2 = T79%)

By using Equations (5) and (6), quantitative differences of computational
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accuracy and cost between calculations with various degrees of discretization
were obtained, as shown in Figure 8. Besides the combustion test case, the
pyrolysis of a 20 mm particle described in Section 3 was also simulated. The
relative errors shown in Figure 8 were calculated by comparing with the base-
line cases, respectively for the combustion (200-cell spatial discretization) and
pyrolysis (300-cell spatial discretization) conditions. The low relative errors
again demonstrate that the predictability of MBM model is not sensitive to
the spatial resolution at the tested conditions. On the contrary, the calcu-
lation time is heavily influenced by the number of cells (note a logarithmic
scale is used). It can be estimated from Figure 8 that when the number of
cells is lower than 25, the RCT is lower than 1 or, in other words, the time
used for executing the code is shorter than the actual physical conversion
process simulated.

The computational efficiency of the MBM is further analyzed by timing
different operations, i.e. solving the matrix system and all other operations.
The effect of the spatial resolution on the time used for the matrix solver and
the other operations are shown in Figure 9. As described in Section 2.2, the
system of linear equations is directly solved by LU factorization to obtain the
temperature of each discretized cell. The computational cost of solving such a
system scales with the size of the system to the power of three. Consequently,
as shown in Figure 9, the time used for solving matrix is almost proportional
to cube of the number of cells. The rest of the operations, such as calculations
of the reaction rates and updating the mass, need to be performed the same
number of times for each individual cell at any given time. Therefore, the

time used for those operations is linearly correlated to the number of cells.
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4.2. Effect of the temporal resolution

Figure 10 shows the effect of the temporal resolution (time step) on the
prediction of temperature and mass loss using the MBM. The same condition
of the combustion of a 9.5 mm poplar particle was used. All the calculations
shown in Figure 10 were obtained using the same spatial discretization of 50
cells, which is sufficient to obtain reasonable results under the tested condi-
tions as illustrated in Section 4.1. As shown in Figure 10, most of the profiles
look nearly identical, except the ones calculated with time steps larger than
1x 1072 s. Since a fully implicit finite-volume method is used in the MBM, an
unconditionally stable solution should be expected. However, as mentioned
before, solutions calculated with time steps larger than 1 x 1072 s differ sig-
nificantly to other results. This suggests that some physical processes limit
the largest tolerable time step with respect to solution accuracy. Detailed
illustrations of this phenomenon are given in the next section.

The effect of the temporal resolution on computational accuracy and cost
for both combustion and pyrolysis conditions are shown in Figure 11. It is
not surprising that the computational cost is inversely proportional to the
time step. When the time step is larger than 5 x 10~ s, the computational
time is shorter than the physical conversion time at the tested conditions
and current spatial discretization. The relative errors were estimated by
comparing to the base cases calculated with a time step of 1 x 107° s. For
both tested combustion and pyrolysis conditions, a very small relative error

can be obtained by using a time step smaller than 1 x 1072 s.
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4.8. Optimal spatial and temporal resolutions

Despite the unconditionally stable nature of the implicit scheme used to
solve Equation (1), small time steps are required to ensure accuracy. In order
to find the optimal spatial and temporal resolutions, three scenarios (inert
heating, pyrolysis, and combustion) were tested based on the condition of the
combustion of a 9.5 mm poplar particle described in the previous sections.
The drying, pyrolysis, and char conversion were disabled in the inert heating
cases, whereas the char conversion was turned off in the pyrolysis cases. The
surface temperature profiles for the inert heating scenario with various level

of spatial and temporal resolutions are shown in Figure 12.
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Figure 12: Effect of spatial (cells: 10 — 200) and temporal resolutions (time step: 1 x 10°

and 1 x 10~ s) on prediction of surface temperature during heat transport process.

As shown in Figure 12, when the time step is small (1 x 107 s), the
obtained surface temperatures are identical for the cases with varying spatial

resolutions. Due to the similarity, only three cases were plotted. However,
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large discrepancies can be noted from the cases calculated using the time step
of 1 x 10° s. Counterintuitively, the results deviate more with an increased
number of grid points. This observed phenomenon can be attributed to the
comparison between the time step and the time scale of conductive heat

transfer (¢gr) inside the particle, which is defined by the equation below:

~ (length scale)?
 thermal diffusivity

(7)

The length scale of each discrete volume can be estimated by the distance

tar

between two adjacent grid points. Therefore, when the particle size remains
constant, this length scale reduces as the number of grid points increases,
and so does the associated time scale tr for cell-to-cell heat conduction. If
tgr is smaller than the time step used in the solution procedure, the heat
transfer process cannot be resolved accurately. Figure 13 shows the heat
transfer timescale of each discretized cell for all three scenarios (time step =
1 x 107* s and cell count = 50). The heat transfer time scales for all cells
increase initially due to the decreasing thermal diffusivity when temperature
is elevated. Since the spatial discretization is performed by dividing the
particle into equal mass cells (i.e. equal volume cells) in its radial direction,
the length scale of the cell decreases from particle center to particle surface.
For the inert heating case shown in Figure 13(a), it is apparent that majority
of the timescales are smaller than 1 x 10° s. Consequently, a large deviation
can be found for the results calculated using the time step of 1 x 10" s and
the spatial discretization of 50. As the cell number increases, even smaller
time steps are required, and thus more severe underprediction of the surface

temperatures were obtained as shown in Figure 12.
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Figure 13: Heat transfer time scale of each cell during inert heating (a), pyrolysis (b), and

combustion (¢). (d = 9.5 mm, MC,,, = 40%, T,, = 1273 K, T, = 1050 K)

Due to the reduction of the computational cell size caused by the phase
change and chemical reactions, significant reduction in the time scales can be
observed for the pyrolysis and combustion cases in Figure 13(b) and 13(c),
respectively. This reduction is particularly pronounced for the combustion
case because of the severe shrinkage and mass loss during the char conversion
process. In fact, the size of the outmost layer needs to be kept constant during
the char conversion process to improve the stability of the MBM model. To
better assess the effect of phase change and chemical reaction on the choice of
time step and spatial discretization, REs were calculated for both pyrolysis
and combustion scenarios using two baseline cases (time step of 1 x 107° s
and spatial resolution of 200 cells). The results are shown in Figure 14.

Interestingly, although the absolute values are different, similar trends

can be observed for the pyrolysis and combustion cases. Nearly identical
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Figure 14: Comparison of computational accuracy between pyrolysis (a) and combustion

(b) cases.

results are obtained when the time step is smaller than 1 x 10™% s, regardless
of spatial resolutions for two conditions. However, as shown in Figure 13,
big differences of ¢ty exist between the combustion and pyrolysis cases. This
apparent contradiction may be explained by Equation (1). As shown in the
right-hand side of Equation (1), both the conductive heat transfer and the
explicit energy sources due to drying, devolatilization, and char combustion
can influence the solution. To capture the process of biomass conversion,
the maximum allowed time step in the simulation should be smaller or at
least comparable to the time scales associated with the physical processes de-
scribed by the MBM. Irrespective of whether ¢ty is the smallest time scale
or not during the conversion process, the time step should at least always be
smaller than this time scale to ensure an accurate prediction. The underpre-

diction of the heat transfer caused by using time steps larger than tgyr can
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have a cumulative effect on the temperature prediction and thus significantly
influence the results. On the other hand, both drying and devolatilization
are calculated using temperature dependent Arrhenius equations, and de-
volatilization is typically considered not to be exothermic. Since each layer
is gradually heated up from room temperature (or relatively low tempera-
ture) through conductive heat transfer during drying and devolatilization,
the rates of drying and devolatilization are controlled by the heat transfer
process. The point to have a time step smaller than a time scale of a certain
process is to be able to well resolve the changes of that process. The change
of the rate for drying or devolatilization is the result of changing temper-
ature (assuming the process is not limited by the available mass). Due to
the nature of the non-positive feedback from drying and devolatilization on
temperature, even if the time step is larger than the time scales of those two
processes, a fairly accurate temperature prediction can be obtained assuming
the conductive heat transfer is well accounted for. Therefore, it is important
to have a time step that is smaller than the tz7 in most of the cells before
completion of devolatilization.

It should be noted that, in contrast to drying and devolatilization, char
conversion releases heat, which provides a positive feedback on temperature.
This situation implies to a certain restriction on the time step. In the mean-
time, since the conductive heat flux is likely to be much smaller than the
heat released from the exothermic char oxidation reaction, an accurate pre-
diction of the conductive heat transfer becomes less crucial. Nevertheless,
as shown in Figure 11 and Figure 13(c), the analysis on typ fits well with

the results. This indicates that such a time step also fulfills the requirement
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for the char conversion under the tested conditions, perhaps because of the

limited oxygen availability.

4.4. Applications to industrial conditions

Two common industrial applications (grate furnaces and fluidized-bed
furnaces) are taken as examples in this section to provide a guideline for
choosing the optimal parameters (cell number and time step) for the MBM.
Typically, wood chips and briquettes are used in the biomass-fired grate
furnaces, which are in the size range of 10! to 10?> mm, whereas, smaller sized
chips and pellets are usually utilized in the fluidized-bed furnaces (<80 mm
for bubbling fluidized-bed and <40 mm for circulating fluidized-bed) [50].
Due to the concerns of ash melting, fluidized-bed furnaces operate at lower
temperatures (923—1173 K) than grate furnaces (operating at 1273—1373
K). As shown in Table 4, combustion of a single particle was tested under
two conditions resembling environments in grate furnaces and fluidized-bed
furnaces, respectively. Two different moisture contents, 5% and 40%, were
also studied to cover most common fuel types. The model parameters for
the MBM were chosen in the context of CFD simulations. Because of the
high computational cost for large-scale reactive CFD simulations, Reynolds-
averaged Navier—Stokes based turbulence models are usually used to simulate
industrial furnaces. The time step used in such simulations is in the order
of 1073 s. If the MBM is employed as a particle conversion sub-model in a
CFD simulation, time step of the MBM should not be larger than time step
of the fluid solver. Therefore, a time step of 1 x 1072 s was selected in the
following test cases. As shown in the previous section, the choice of spatial

resolution for the MBM has a big influence on the computational cost. To
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Table 4: Simulation conditions resembling industrial furnaces.

Grate-fired furnace

d = 50 mm, T, = T, = 1323 K,
Go2 = 21%, dno = 79% MCy, = 5
% and 40%

Fluidized-bed furnace

d = 20 mm, T,, = T, = 1073 K,
bo2 = 21%, dn2 = T9% MCyp = 5
% and 40%

ensure a good balance between accuracy and cost, a spatial discretization of
20 cells is chosen. This resolution produced a relative error of around 5%
in the previous test cases and is in line with the resolutions employed in
conventional mesh-based models [14]. A baseline case with a finer resolution
(200 cells) and a shorter time step (1x 107* s) was also tested for comparison.
Due to the long conversion time required for a full conversion of particle, the
simulation was stopped at 95% mass loss.

Simulation results obtained with two sets of model parameters are shown
in Figure 15. The computational efficiency (RCT') achieved was nearly iden-
tical with the same model parameters, regardless of the particle size, moisture
contents and combustion conditions. The proposed time step and grid num-
ber yielded satisfactory fast solutions in all tested conditions. Less than 5%
error was observed for the majority of the tested cases. The deviation be-

comes somewhat larger towards to the end of the conversion, but remains
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within an acceptable level. On average, around 400 times speedup could be
achieved when compared to the baseline cases. Considering the outdated

CPU (launched in 2010) used, the RCT could be further reduced to a large

degree by using modern computational architectures.
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Figure 15: Comparison between simulations of biomass conversion under industrial condi-
tions with different model parameters. Relative errors up to 50%, 90%, and 95% of mass

loss are calculated by comparing with the baseline simulation.

Finally, the computational overhead of the MBM is evaluated in a test
run with the fixed-bed combustion model described in a recent study [51].
These simulations are designed to simulate the combustion of wood pellets
loaded in a 60 L bench-scale fixed-bed reactor. In this test run, the bed is
discretized in 100 computational cells in the vertical direction and the CFD
model is based on the three-dimensional transient pressure-based segregated
solver using operator splitting available in ANSYS Fluent 15.0.7. When the
herein presented MBM is employed as the sub-model for the particle phase
(cell number 20 and time step 1 x 1072 s) at a CFD time step of 1 x 1073 s,
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the computational overhead is only a mere 2.2%. We thus conclude that the
MBM, used under such conditions, is not the limiting factor with regard to
the overall computational efficiency of the combined framework.

The most important implication of the current work is thus that the
particle model opens up for new approaches to treating large ensembles of
biomass particles. When the cost of solving the particle sub-model is no
longer the limiting factor in the computational setup, more instances of par-
ticle sub-models can be afforded without significantly increasing the total
cost of the simulation. Here, one could envision different scenarios: in one
the model would be employed as the basis for a Lagrangian CFD simulation
(as in Eulerian-Lagrangian or CFD-DEM approaches), where each particle
physically present is represented as one computational particle; in another
the model would be used as an Eulerian model of a representative particle
in each computational cell to compute the local source terms of all particles
(or fractions thereof) present in the CFD-cell in question. In the former
approach the particle motion is typically obtained by solving Newton’s sec-
ond law of motion with an auxiliary ODE-solver for each physical particle,
whereas in the latter approach such motion is more often prescribed or solved
on the same computational mesh used for the gas-phase calculations (e.g. us-
ing a continuum model for granular flow as a viscoplastic fluid [52]). The
Eulerian approach is particularly attractive with the current sub-model, as
it would open up possibilities for dynamic mesh refinement. Regions with
small gradients in the solid phase properties could use a coarser resolution,
whereas a region of finer mesh resolution would dynamically move with e.g.

the combustion front in a fixed-bed reactor (during steady-state operation
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of a typical fixed-bed incinerator, the regions of finer resolution would stay
in place). Dynamic mesh refinement is only computationally tractable if the
coarse and fine regions require significantly different resolution and the cost
of re-meshing can be tolerated; the design and performance of the herein pro-
posed particle sub-model, in conjunction with the layout of typical fixed-bed
furnaces, imply that these criteria are fulfilled. Furthermore, the low compu-
tational cost — and the potential to reduce it even further by dynamic mesh
refinement — also mean that several instances of the model could be used
in parallel in every computational cell to account for polydispersity in terms
of sizes, shapes or even biomass types. Finally, the proposed model is also
well suited for massively parallelized high-performance computing platforms.
Dynamic load balancing is already a standard feature in most Lagrangian
particle models in commercial CFD codes, and in Eulerian frameworks the
rules for dynamic load balancing can typically be adjusted via model-based
weighting. Unlike IBMs, where dynamic time stepping results in varying
computational cost over the lifetime of a fuel particle, the current MBM uses
a fixed time step, which simplifies load balancing significantly by making it
easier to predict computational costs a priori. In conclusion, we believe that
it is these new possibilities offered by the robustness and efficiency of the
currently proposed model that are most interesting in terms of potential for

future applications and development.

5. Conclusion

A mesh-based particle model has been developed with the intention of

coupling with CFD solvers. The model was validated against experimen-
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tal data from the literature [14, 15] under both pyrolysis and combustion
conditions. Using various degrees of spatial and temporal discretization, we
demonstrated that the model behaved robustly. Different from most of the
existing mesh-based models, the intraparticle flow is not considered in the
current model, which enables a good balance between accuracy and com-
putational efficiency. By carefully examining the timescale of conductive
heat transfer under conditions of inert heating, pyrolysis, and combustion,
we found that the conductive heat transfer plays an important role in the
drying and devolatilization processes. Therefore, the time step used in the
proposed model should be smaller or at least close to the timescale of conduc-
tive heat transfer during the drying and devolatilization processes to obtain
a satisfactory simulation of biomass conversion. On the other hand, the
highly exothermic process of char conversion is dominated by the transport
of oxygen, which is less sensitive to the heat transfer process.

In addition, the model was tested for conversion of a biomass particle un-
der typical conditions in grate-fired and fluidized-bed furnaces. The findings
suggested that a resolution of 20 cells per particle at a time step of 1 x 1073
s is sufficient for a reliable prediction of biomass conversion. The execution
time for the model was around only one tenth of the physical conversion time.
To further assess the computational efficiency, the model was implemented
into a CFD solver. The simulation of a bench-scale fixed-bed reactor showed
that the model introduced merely 2.2% additional computational overhead
to the cost of solving for the reactive gas flow through the bed. Further in-
vestigation with larger-scale CFD simulation would be useful to show the full

potential of the model. When used as a sub-model in Eulerian simulations of
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fixed-bed conversion, the exhibited computational performance is sufficient
to open up opportunities for handling fuel polydispersity and/or dynamic

mesh refinement.
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Appendix A

In this section, implementation details are illustrated. The particle is first
discretized into a given number (Np) of cells of equal mass in one homoge-

nized dimension as shown in Figure A.1.

I Mp,Np-1 | My Np-2 | I mp .1 mp 0 |
rb (surface)  xcwp- Xb Np-2 XCNp-2 xb np-3 xb xc xbo xco 0 (center)
\ | ) ) ) \ L L L )

Figure A.1: Schematics of the one-dimensional discretization. b is the location of the
outer cell boundary (m), zc is the location of the cell mass center (m), rb is the radius of

the particle (m).

At the beginning of each time step, the mass fraction of each solid species

in each cell is first obtained as:

Myet_wood
— Al
o (A1)

Wwet_wood =
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Mdry_wood
Wdry_wood = :;/lwoo (A2>
P
m
Wehar = % (A3>
P
Wagh = —ash (A4)
mp

where Wuyet wood, Wdry woods Wehar, and Wqe, are mass fractions of wet wood,
dry wood, char, and ash, respectively (-); Muwetwood; Mdry.wood, Mehar, and
Mask are masses of wet wood, dry wood, char, respectively (kg). Afterwards,

the volume of the cell (V,, m?) is updated by:

‘/c = Vwet,wood + Vdry,wood + ‘/char + ‘/ash (A5)

where Viperwoodd; Viry woods Vehar wood, and Vagp are volumes of wet wood, dry

wood, char, and ash, respectively (m?), expressed as:

S9 dt
Vwet,wood = Vu?et,wood + dry wet-wood (A6>
Pwet_wood
SY dt  SFy.,SY dt
‘/dTy—UJOOd - ‘/d(i'y,wood + dev,dry-wood - Y~ drywet-wood (A7>
Pdry_wood Pwet_wood
0 Sgharc,char dt SFd@v Sz(i)ev,char dt
V::har = VYCha’r + 0 0 (A8)
‘/;har/mchar Pdry_wood
0
Vv . V(] SFCha"'CScharc,chardt A 9
ash = Vash — VO m? (A.9)
char char
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where Sarywet woods Sdev,dry-woods Sdev,chars AN Schare,char are mass sources for
wet wood due to drying, dry wood due to devolatilization, char due to de-
volatilization, char due to char conversion, respectively (kg/s); SFyry, SFiev,
and SF,,.-. are shrinkage factors for drying, devolatilization, and char con-
version, respectively (-); dt is time step (s); the superscript 0 represents values
in the previous time step. After the volume has been updated, the location
of each grid point (xc) and the radius of the particle (rb) are then calculated.
Depending on the shape factor IT', different formulations for these updates
are used. As an example, for a spherical particle, zc and rb are calculated

by:

3 %Vai ¢ = 0, innermost cell
xC; = , (! v ‘ (A.10)
\[ir (2 Ves+ 5 | O<i<Np—1
]:

(A.11)
The mass source terms are then updated as:
Sdrywetwood = —Mawet woodAdry €EXP (%) (A.12)
Sdev,gas = mdry,woodAdevo,gas €xp (Ei-;;j’i%) (A-13>
Sdevtar = Mdry woodAdevo tar €XP (Ejé—;ﬂ:ar) (A.14)
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Edev,char
Sdev,char = md?“yfwoodAdevo,char exp <R—Tls) (A15>
Sdev,dry,wood = _Sdev,gas - Sdev,tar - Sdev,char (A16>
Scharc,char = - (1 - Oé) CO2,ooleffSAchaTMc (A17>

It should be noted that the char conversion front is assumed to be very
thin. Thus, in the current implementation, the char conversion is only cal-
culated in one cell, where the char front is currently located. SA.,, can
be estimated using the geometrical surface area of the char front, since the
apparent kinetic formulation is applied.

The total energy source term (Sepergy, J/s) has contributions from dry-
ing (Senergydry, J/8), devolatilization (Senergydev, J/8), and char conversion

(Senergy.chare, J/8), which are calculated as follows:

Senergy = Senergy,dry + Senergy,dry + Sene'rgy,charc (A18>

Senergydry = Mcwbsdry,wet,wood (CpaH2O (Ts,boundary - Ts) + AHdry) (Alg)

Senergy,dev = - (Sdev,gas + Sdev,tar) Cp,vol (Ts,boundary - Ts) + Sdev,dry,woodAHdev
(A.20)
Senergy,charc = charc,cha’rAHcharc (A21)
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where AHgyy, AHge,, and AHpqy. are latent heat of vaporization of water,
heat of devolatilization, and heat of reaction due to char conversion, respec-
tively (J/kg); ¢, me0 and ¢, o are heat capacities of water vapor and volatiles,
respectively (J/kg K). As explained in Section 2.2, the energy source term is

linearized using Picard’s method:

Senergy - Su + Sst (A22)

where the superscript * represents values in the current time step.

% aSener : *
Sy = energy <6ngy> Ts (A23>
aSener :

The update of the particle temperature is performed in three steps. First,
the particle surface temperature is determined by solving the heat balance

over the particle surface as:

dT,
W sur (Ty — Tyur) + 0L g0y (6* = Tity) = Enp-1S Agur — (A.25)

sur
dr
LCNp,LCNp—1

where h is the convective heat transfer coefficient (J/m? K s), which is esti-
mated using Ranz-Marshall Correlation, o is the Stefan Boltzmann constant
(kg/s® K*), 6 is the radiation temperature (K) which is estimated by the
reactor wall temperature in the particle simulation, and SA,,, is particle

surface area (m?).
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Thereafter, the linearized temperature equations are established as:

apNp—1 QFE Np-1

aw,Np—2 QpNp—2 QGE Np—2

aw,; ap;

Ts,Np—l pr—l

Ts,Np72 prfQ
ag; T, = b;
awa api1 Aag; Ts,l by
aw, app T by

(A.26)

where a and b are matrix coefficients which can be calculated as:

( _ MpiCp,; SAb,FlM
a reTE— i = Np — 1, outermostcell
_SAsur’fi + S
rb—xc; P
Fithi—1
ap; = —Dpifpy _ 20bicl (A.27)
s dt . TG Ci—1 0<i< Np— 1
SAb,i%w g
- TC;41—TC; + Y277
Rit1thq
_ Mpcp,;  SApi—5— . .
L pr reowe T Sp,; %= 0, innermostcell
Kithi—1
SAy ;g SRl .
M2 0<i<Np-—1
ap; = e (A.28)
0 = 0, innermostcell
0 1 = Np — 1, outermostcell
aw,i = SA, , Lt ) (A.29)
—= 2 (<1< Np-—1
TCj41—TC; —
_mp,icp,z‘ 0 _ SAsu’r"{i _ N _
b =T = Gpey Tour — Su,; 1= Np — 1, outermostcell
; =
Mp,iCp,; 0 .
_TTS,Z'_S%Z‘ 0§Z<Np—1

(A.30)
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where the S Ay is the surface area of the cell outer boundary (west boundary,
m?). The matrix system is solved by LU factorization using a matrix solver
named Meschach. More details regarding the matrix solver can be found from
http://homepage.divms.uiowa.edu/~dstewart/meschach/. After the tem-
peratures have been solved for, the mass of each species in each cell is then

updated by:

0
Muyet_wood = Myet wood + Sdry,wet,wooddt (A31)

mdry,wood = mgryfwood + Sdev,dry,wooddt - Sdry,wet,wooddt (1 — Mcwb) (A32>

Mehar = m(c)har + Scharc,chardt + Sdev,chardt (AS?))

0
Mash = Mggp — wchar,ashScharc,chardt (A34>

Depending on whether the current time reaches the given end time or

not, the code either advances to the next time step or terminates.

Appendix B

In this section, the effect of thermal conductivity of char (Kcpg,) is illus-
trated in Figure B.1 and Figure B.2. It should be noted that the calculated
center temperature shown in Figure B.1(b) is represented by the temperature
of the innermost layer, which is higher than the actual center temperature.

A previous study has shown that IBMs can better estimate the temperature
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of the center with an additional constant core layer [6], the application of

which is outside the scope of the current work.
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Figure B.1: Calculated (with IBM 1) and measured surface temperature profile (a), center
temperature profile (b), and particle mass loss ratio (c¢) during pyrolysis of a beech particle

(d=9.5mm, T,y = T, = 1098 K, MCyy, = 20%, 2 = 100%).
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Figure B.2: Calculated (with the proposed MBM) and measured surface temperature
profile (a), center temperature profile (b), and particle mass loss ratio (¢) during pyrolysis

of a beech particle (d = 9.5 mm, T, = T, = 1098 K, MCyp = 20%, dn2 = 100%).

References
References

[1] H.-S. Helmisaari, L. Kaarakka, B. A. Olsson, Increased utilization of
different tree parts for energy purposes in the Nordic countries, Scandi-

navian Journal of Forest Research 29 (2014) 312-322.

[2] J. M. Johansen, P. A. Jensen, P. Glarborg, M. Mancini, R. Weber, R. E.
Mitchell, Extension of apparent devolatilization kinetics from thermally
thin to thermally thick particles in zero dimensions for woody biomass,

Energy 95 (2016) 279-290.

[3] 1. Haberle, @. Skreiberg, J. Lazar, N. E. L. Haugen, Numerical models

for thermochemical degradation of thermally thick woody biomass, and

59



their application in domestic wood heating appliances and grate fur-

naces, Progress in Energy and Combustion Science 63 (2017) 204-252.

R. Johansson, H. Thunman, B. Leckner, Influence of intraparticle gra-
dients in modeling of fixed bed combustion, Combustion and Flame

149 (1-2) (2007) 49-62.

H. Thunman, B. Leckner, F. Niklasson, F. Johnsson, Combustion of
wood particles — A particle model for Eulerian calculations, Combus-

tion and Flame 129 (1-2) (2002) 30-46.

H. Strom, H. Thunman, CFD simulations of biofuel bed conversion: A
submodel for the drying and devolatilization of thermally thick wood
particles, Combustion and Flame 160 (2) (2013) 417-431.

R. Mehrabian, S. Zahirovic, R. Scharler, I. Obernberger, S. Kleditzsch,
S. Wirtz, V. Scherer, H. Lu, L. L. Baxter, A CFD model for thermal con-
version of thermally thick biomass particles, Fuel Processing Technology

95 (2012) 96-108.

J. Saastamoinen, J.-r. Richard, Simultaneous drying and pyrolysis of

solid fuel particles, Combustion and Flame 106 (3) (1996) 288-300.

A. Galgano, C. Di Blasi, Modeling the propagation of drying and de-
composition fronts in wood, Combustion and Flame 139 (1-2) (2004)
16-27.

K. M. Bryden, M. J. Hagge, Modeling the combined impact of moisture
and char shrinkage on the pyrolysis of a biomass particle, Fuel 82 (13)
(2003) 1633-1644.

60



[11]

[12]

[14]

[15]

[16]

S. S. Alves, J. L. Figueiredo, A model for pyrolysis of wet wood, Chem-
ical Engineering Science 44 (12) (1989) 2861-2869.

M. C. Melaaen, Numerical analysis of heat and mass transfer in dry-
ing and pyrolysis of porous media, Numerical Heat Transfer, Part A:

Applications 29 (4) (1996) 331-355.

C. Di Blasi, Heat, momentum and mass transport through a shrinking

biomass particle exposed to thermal radiation, Chemical Engineering

Science 51 (7) (1996) 1121-1132.

J. C. Wurzenberger, S. Wallner, H. Raupenstrauch, J. G. Khinast, Ther-
mal conversion of biomass: Comprehensive reactor and particle model-

ing, AIChE Journal 48 (10) (2002) 2398-2411.

H. Lu, W. Robert, G. Peirce, B. Ripa, L. L. Baxter, Comprehensive
study of Biomass particle combustion, Energy & Fuels 22 (4) (2008)
2826-2839.

H. Fatehi, F. M. Schmidt, X.-S. Bai, Gas phase combustion in the vicin-
ity of a biomass particle during devolatilization — Model development
and experimental verification, Combustion and Flame 196 (2018) 351
363.

H. Fatehi, X.-S. Bai, A Comprehensive Mathematical Model for Biomass
Combustion, Combustion Science and Technology 186 (2014) 574-593.

M. A. Gémez, J. Porteiro, D. Patino, J. L. Miguez, Fast-solving ther-

mally thick model of biomass particles embedded in a CFD code for the

61



[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

simulation of fixed-bed burners, Energy Conversion and Management

105 (2015) 30-44.

S. Hermansson, H. Thunman, CFD modelling of bed shrinkage and chan-
nelling in fixed-bed combustion, Combustion and Flame 158 (5) (2011)
988-999.

R. Issa, B. Ahmadi-Befrui, K. Beshay, A. Gosman, Solution of the im-
plicitly discretised reacting flow equations by operator-splitting, Journal

of Computational Physics 93 (2) (1991) 388-410.

A. Imren, D. Haworth, On the merits of extrapolation-based stiff ODE
solvers for combustion CFD, Combustion and Flame 174 (2016) 1-15.

H. K. Versteeg, W. Malalasekera, An Introduction to Computational
Fluid Dynamics: The Finite Volume Method, Pearson Education Lim-
ited, England, 2007.

D. E. Stewar, Z. Leyk, Meschach: Matrix computations in C, Proceed-
ings of the Centre for Mathematics and Its Applications 32.

E. S. Oran, J. P. Boris, Numerical simulation of reactive flow, 2nd Edi-

tion, Cambridge University Press, 2005.

A. Alamia, H. Strém, H. Thunman, Design of an integrated dryer and
conveyor belt for woody biofuels, Biomass and Bioenergy 77 (2015) 92—
109.

E. Ranzi, A. Cuoci, T. Faravelli, A. Frassoldati, G. Migliavacca,

62



[27]

[29]

[31]

[32]

[33]

S. Pierucci, S. Sommariva, Chemical Kinetics of Biomass Pyrolysis, En-

ergy & Fuels 22 (6) (2008) 4292-4300.

P. E. A. Debiagi, C. Pecchi, G. Gentile, A. Frassoldati, A. Cuoci, T. Far-
avelli, E. Ranzi, Extractives Extend the Applicability of Multistep Ki-
netic Scheme of Biomass Pyrolysis, Energy and Fuels 29 (10) (2015)
6544-6555.

S. Niksa, Predicting the rapid devolatilization of diverse forms of
biomass with bio-flashchain, Proceedings of the Combustion Institute

28 (2) (2000) 2727-2733.

A. D. Lewis, T. H. Fletcher, Prediction of Sawdust Pyrolysis Yields
from a Flat-Flame Burner Using the CPD Model, Energy & Fuels 27 (2)
(2013) 942-953.

Y. Chen, S. Charpenay, A. Jensen, M. A. Wéjtowicz, M. A. Serio, Mod-
eling of biomass pyrolysis kinetics, Symposium (International) on Com-

bustion 27 (1) (1998) 1327-1334.

C. Diblasi, Modeling chemical and physical processes of wood and
biomass pyrolysis, Progress in Energy and Combustion Science 34 (1)

(2008) 47-90.

B. Wagenaar, W. Prins, W. Swaaij, Flash pyrolysis kinetics of pine
wood, Fuel processing technology 36 (1993) 291-298.

B. Peters, Thermal Conversion of Solid Fuels, WIT Press, Southamp-
tion, UK, 2003.

63



[34]

[35]

[36]

[40]

D. Evans, H. Emmons, Combustion of wood charcoal, Fire Safety Jour-

nal 1 (1) (1977) 57-66.

H. Yan, O. Fujita, Study of the transient combustion of highly densified
biomass briquette (Bio-coke) in an air flow, Fuel 188 (2017) 595-602.

M. El Houssami, A. Lamorlette, D. Morvan, R. M. Hadden, A. Simeoni,
Framework for submodel improvement in wildfire modeling, Combustion

and Flame 190 (2018) 12-24.

H. Fatehi, X. S. Bai, Structural evolution of biomass char and its effect

on the gasification rate, Applied Energy 185 (2017) 998-1006.

A. H. Mahmoudi, F. Hoffmann, M. Markovic, B. Peters, G. Brem, Nu-
merical modeling of self-heating and self-ignition in a packed-bed of

biomass using XDEM, Combustion and Flame 163 (2016) 358-369.

N. T. Dufty, J. A. Eaton, Investigation of factors affecting channelling
in fixed-bed solid fuel combustion using CFD, Combustion and Flame

160 (10) (2013) 2204-2220.

A. N. Hayhurst, M. S. Parmar, Measurement of the mass transfer coef-

ficient and sherwood number for carbon spheres burning in a bubbling

fluidized bed, Combustion and Flame 130 (2002) 361-375.

J. S. Dennis, A. N. Hayhurst, S. A. Scott, The combustion of large
particles of char in bubbling fluidized beds: The dependence of Sherwood
number and the rate of burning on particle diameter, Combustion and

Flame 147 (2006) 185-194.

64



[42]

[43]

[44]

[45]

[48]

[49]

Forest Products Laboratory, Wood handbook—Wood as an engineering
material, Tech. rep., U.S. Department of Agriculture, Forest Service,

Forest Products Laboratory, Madison, WI (1999).

R. Kumar, A. Kolar, B. Leckner, Shrinkage characteristics of Casuarina
wood during devolatilization in a fluidized bed combustor, Biomass and

Bioenergy 30 (2) (2006) 153-165.

H. Thunman, B. Leckner, Thermal conductivity of wood—models for
different stages of combustion, Biomass and Bioenergy 23 (1) (2002)
47-54.

H. Thunman, F. Niklasson, F. Johnsson, B. Leckner, Composition of

volatile gases and thermochemical properties of wood for modeling of

fixed or fluidized beds, Energy and Fuels 15 (6) (2001) 1488-1497.

K. Ragland, D. Aerts, A. Baker, Properties of wood for combustion
analysis, Bioresource Technology 37 (2) (1991) 161-168.

M. P. Remacha, S. Jiménez, J. Ballester, Devolatilization of millimeter-
sized biomass particles at high temperatures and heating rates. Part 1:

Experimental methods and results, Fuel 234 (2018) 757-769.

W. H. McAdams, Heat Transmission, 3rd Edition, Mcgraw - Hill Book
Company, 1954.

F. He, F. Behrendt, A new method for simulating the combustion of a
large biomass particle—A combination of a volume reaction model and
front reaction approximation, Combustion and Flame 158 (12) (2011)
2500-2511.

65



[50] C. Yin, L. Rosendahl, S. K. Ker, Grate-firing of biomass for heat and
power production, Progress in Energy and Combustion Science 34 (6)

(2008) 725-754.

[51] H. Strém, F. Niklasson, A. Hjoérnhede, S. Hermansson, Experimental
and numerical investigations of ash behaviour in fixed-bed combustion

of woody biomass pellets, Industrial Combustion Journal 11.

[52] P. Jop, Y. Forterre, O. Pouliquen, A constitutive law for dense granular

flows, Nature 441 (7094) (2006) 727-730.

66



	Introduction
	Theory
	Model framework
	Particle heat balance
	Drying, devolatilization and char conversion
	Additional model information

	Model validation
	Results and discussion
	Effect of the spatial resolution
	Effect of the temporal resolution
	Optimal spatial and temporal resolutions
	Applications to industrial conditions

	Conclusion



