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ARTICLE INFO ABSTRACT

Keywords: Low-grade biomass feedstocks are sustainable alternatives for pulverized fuel applications in the energy industry.

Computational Fluid Dynamics (CED) Adverse fuel properties can make their adoption challenging due to operational issues such as flame ignition

3‘_‘"}’1‘?5 ) problems and high emissions. These issues can be potentially resolved by Computational Fluid Dynamics (CFD)
18 e'atlng rate simulations, where a submodel is needed to describe the fuel devolatilization behavior. In this work, the

Pyrolysis e . . . S .

Devolatilization devolatilization parameters are reported for three pulverized biomass fuels: high-quality industrial wood pellet,

Pulverized fuel lower-grade spruce bark, and steam-explosion pretreated spruce bark. The parameters are determined with a

Combustion combination of high heating-rate drop-tube reactor experiments and CFD-coupled optimization algorithm.
Comprehensive analysis is conducted to examine how the devolatilization reactivity and steam-explosion pre-
treatment affect the industrially relevant fuel properties. The functionality of the drop-tube devolatilization
parameters is further demonstrated in larger-scale combustion simulations of a 120 kW pulverized fuel test rig.
The simulations are able to capture the more challenging ignition behavior of the lower-grade bark fuels, and
give detailed insight on the phenomenological side of solid fuel ignition. The fuel devolatilization reactivity is
shown to have a strong impact on highly nonlinear flame characteristics, such as NO formation. Most impor-
tantly, the presented characterization, simulation and analysis methods can be applied to other biomass feed-
stocks to better understand how reactivity is altered by feedstock pretreatment, and how the process
characteristics are influenced by fuel devolatilization reactivity.

adoption of more challenging low-grade feedstocks as fuels. This might
become more and more important in the future, as only the low-grade
materials may be available to energy use. The high-quality biomass,
such as core wood, may be used for the production of higher value
products.

One commonly acknowledged challenge in the devolatilization
studies is the strong influence of operating conditions on the kinetic
parameters. The kinetic parameters derived for a same fuel by different
research groups have shown significant variability, which has led to the
questioning of the significance of solid fuel reactivity studies [10]. Some
explanations for the varying results have been proposed, such as the heat
and mass transfer limitations in the measurement devices, influenced for
example by the different particle sizes and heating rates. The most
commonly applied experimental device, thermogravimetric analyzer
(TGA), can only reach maximum heating rates of the order of 1K/s,
whereas over 1000 K/s is characteristic for the industrial applications.

1. Introduction

Thermochemical conversion processes, such as pyrolysis, gasifica-
tion and combustion, are viable technologies to produce renewable
energy and fuels from biomass. Comprehensive review papers regarding
the chemical, physical and modeling aspects of these processes can be
found in [1-8]. A basic conversion step, devolatilization, is an integral
part of all these technologies. The biomass decomposes chemically into
gases, tars, and residual char mainly at temperatures above 250 °C [9].
In case of pyrolysis, the process itself coincides with devolatilization. To
design efficient conversion technologies and to minimize emissions, it is
important to characterize the devolatilization reactivity of different
feedstocks. Ideally, the experimentally derived reactivity parameters
can be used in the energy industry to examine how the biomass-specific
properties affect the process performance, and finally, enable the
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Nomenclature

A Pre-exponential factor, 1/s

Bi Biot number, —

[ Specific heat capacity, J/kg-K

dog Particle diameter at 90% in the cumulative distribution, m
E Apparent activation energy, J/mol

fasho Mass fraction of ash in dry fuel particle, —

Seharo Mass fraction of char in dry fuel particle, —

frolo Mass fraction of volatiles in dry fuel particle, —

k Reaction rate constant, 1/s

m, Particle mass, kg

M in Fuel sample mass fed into DTR, kg

My out Fuel sample mass collected at DTR outlet, kg

Ry Universal gas constant (8.3145), J/mol-K

r Radial distance from combustion chamber centerline, m
T, Particle temperature, K

t Time, s

X Mass loss of particle sample in DTR experiments, —

x Axial distance, m

Greek symbols

Py Particle envelope density, kg/m>
Abbreviations

CFD Computational Fluid Dynamics

CPD Chemical Percolation Devolatilization
DO Discrete Ordinates radiation model

DTR Drop-Tube Reactor
DPM Discrete Phase Model

daf Dry Ash-Free basis

db Dry Basis

EDM Eddy Dissipation Model

LES Large Eddy Simulation

LF Large fraction of fuel particles (300-355 pm)
LHV Lower Heating Value

PSD Particle Size Distribution

RANS Reynolds-Averaged Navier—Stokes

SF Small fraction of fuel particles (112-125 pm)
SFOR Single First Order Reaction

TGA Thermogravimetric Analyzer

UBC Unburned carbon content in fly-ash

WSGGM Weighted Sum of Gray Gases

For this reason, the reactivity parameters from TGA conditions may not
apply in industrial applications [11,12]. Various high heating rate de-
vices have been developed to overcome the issue, including wire mesh
[13] and Drop-Tube Reactors (DTR) [14,15].

Computational Fluid Dynamics (CFD) modeling is rapidly gaining
popularity as a design tool for thermal conversion systems, and the
reactivity parameters derived from devolatilization experiments are
extensively used by the CFD engineers, some examples including
[16-20]. The reactivity parameters are typically taken from the litera-
ture, and have not necessarily been determined in similar conditions, or
even for the same fuel, that are being simulated. While more and more
sophisticated devolatilization models are constantly developed and
compared in laboratory conditions, only a few studies have analyzed the
impact on practical combustion simulations. In [21], biomass-coal co-
combustion in pulverized fuel burner is simulated with Large Eddy
Simulation (LES) technique, and different pyrolysis and char oxidation
models are compared. In [22], the effect of devolatilization model on the
aerosol particle formation in lignite combustion is studied. Both studies
conclude that the flame properties are affected by devolatilization, but it
is still unclear how strongly the industrially relevant factors, such as
flame ignition, NOx emissions or particle burnout are influenced. In
particular, the modeling has not matured to the level where different
biomass feedstocks, or the effect of pretreatment methods, could be
reliably compared in industrial applications. Considering the mentioned
issues, it is an open question how beneficial it is to spend significant
resources for measuring the fuel-specific reactivity parameters. In the
author’s opinion, a significant issue in the field is the lack of demon-
stration how the laboratory derived parameters scale up towards real
simulation applications. Ideally, the functioning of new models or pa-
rameters should always be illustrated also for an application other than
the measurement apparatus where they were derived from.

In this work, the devolatilization reactivity of three pulverized
biomass fuels is compared. The reactivity parameters are determined
with a CFD-coupled optimization algorithm introduced in our previous
work [23]. It is based on high heating rate DTR measurement data,
which is used by an optimization algorithm that is directly coupled to
CFD models of the DTR, which mimic the experimental conditions as
accurately as possible. A high quality industrial wood pellet is compared
to a lower quality spruce bark, and its steam-explosion pretreated
version. The bark is a side-stream from the pulp and paper industry, and
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Fig. 1. Research methodology and main research topics.

is a good example of a sustainable lower grade biomass fuel. The three
fuels are compared in combustion simulations of a 120 kW pulverized
fuel test rig, where the bark and SE bark have also been combusted
during the EU-funded Biofficiency research project. As such, the scal-
ability of the devolatilization parameters from laboratory scale DTR
towards the real combustion application is demonstrated. Furthermore,
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Table 1
Ultimate and proximate analysis for the three fuels.
Wood [23] Bark [29] SE Bark
Ultimate Analysis, m-% dry basis
C 49.4 49.4 53.7
O (by diff.) 43.1 40.2 35.4
H 6.2 5.8 5.7
N <0.10 0.40 0.39
S 0.013 0.033 0.06
Proximate Analysis, m-% dry basis
Volatile matter 84.1 74.5 71.5
Char (by diff.) 15.1 22.3 23.8
Ash (815°C) 0.8 3.2 4.7
LHV (MJ/kg) 18.36 18.52 19.95
Density (kg/m®) 700 360 420

a comprehensive simulation study is conducted, where detailed analysis
on the impact and significance of the devolatilization parameters is
examined. At the same time, it is examined how the fuel quality,
devolatilization reactivity and steam-explosion pretreatment affect the
industrially relevant flame properties, such as NO emissions formation,
and flame ignition.

2. Methodology

The methodology and research topics of this work are presented in
Fig. 1. The basis of the study are the high heating-rate DTR test device
and the CFD-coupled devolatilization model optimization procedure
introduced in our previous work [23]. There, the devolatilization pa-
rameters were optimized for the industrial wood pellet which is used as a
reference high quality biomass fuel in this work. Two additional fuels
are characterized in this study. First one is the spruce bark which is a
side-stream from the pulp and paper industry, and a good example of a
sustainable lower grade biomass feedstock.

Second fuel is a pretreated version of the bark, which is produced
through the steam-explosion process. It is a thermal pretreatment
method comparable to torrefaction. However, in steam-explosion high-
pressure steam reacts with the biomass. It increases the biomass energy
density (MJ/kg) and improves the quality for transport and grinding.
The product is a hard pellet, which is moisture resistant, and produces
less dust in the handling processes [24]. Steam-explosion was originally
patented for pulping in the 1926 [25], and the process equipment is
similar that is applied in the Kraft Pulping [26]. It has been applied as a
pretreatment for several biomasses, for instance, in the second genera-
tion bioethanol production [27]. Recently, the first commercial contract
has been signed for providing a continuous process for steam-exploded
black pellet production [28]. Thus, studying the combustion charac-
teristics and enhancing the CFD modeling capabilities are of a high in-
dustrial interest.

The fuel-specific reactivity parameters are optimized for two particle
size fractions of each fuel, to cover the behavior of the small and large
fuel particles in industrial size distributions. The high heating-rate DTR
device is used, because it can better represent the industrial flame
conditions than TGA, and will presumably provide more realistic mass
loss predictions for industrial CFD modeling applications.

A great number of reactivity parameters for different biomass fuels
are reported in the scientific literature, but the functioning and scal-
ability towards larger scale applications is rarely demonstrated. For this
reason, the optimized reactivity parameters are further used in com-
bustion simulations of a 120 kW pulverized fuel test rig. The CFD model
is validated with comparison to test rig measurement data for the SE
bark fuel. It is then used for a comprehensive simulation study, where
detailed analysis on the impact and significance of the fuel-specific
devolatilization parameters is conducted. The three fuels are
compared and it is examined how the fuel quality, devolatilization
reactivity, and steam-explosion pretreatment affect the industrially

Fuel 286 (2021) 119309

0.10 1 1.0 1
o 5
5 E
3 g
£ 0.05 4 205 -
o ‘0
g =
= =
S g
@]
0.00 r — ] 0.0 = T T ]
0.0 0.2 0.4 0.6 0.8 00 02 04 06 08

Sphere-equivalent diameter [mm]

=— Bark small fraction (SF) = SE Bark small fraction (SF)
== Bark large fraction (LF) == SE Bark large fraction (LF)

Sphere-equivalent diameter [mm]

Fig. 2. Discrete and cumulative size distributions for the bark and SE bark as
used in the DTR experiments and reactivity parameter optimization.

relevant flame properties, such as NO emissions formation and fuel
ignition properties.

3. Experimental work
3.1. Fuel characterization

The ultimate and proximate analysis for the three fuels are presented
in Table 1. All properties, except the densities, are measured with the
laboratory methods that follow the EN, DIN, and ISO certified standards.
The densities in Table 1 are not the standard bulk densities, as they are
measured with a mercury porosimeter which provides the particle
density as a function of pore size. It enables to determine the envelope
density of individual fuel particles, which is used in the modeling ap-
plications. A cut-off pore size of 30 pm is used, which is considered as the
resolution of an in-house particle imaging software, which is used for the
particle size distribution measurements. As such, the bulk densities are
lower and the intrinsic material densities are higher than the presented
values.

Table 1 shows that the industrial wood pellet has the lowest ash
content of the fuels, which indicates that it has the lowest slagging and
fouling propensity. It also has the highest volatile matter and density, as
well as the lowest nitrogen and sulphur contents. The lower quality bark
has a similar heating value, but a considerably lower density than the
wood. The steam-explosion pretreatment significantly reduces the
bark’s oxygen content, and increases the density and heating value,
which are favorable effects considering the fuel quality. In grinding
tests, it is observed that the SE bark pellets consume less energy than the
fibrous wood, but the energy requirement is not much improved
compared to the original bark.

As mentioned earlier, the DTR devolatilization experiments have
been already conducted for the wood pellet in [23]. A similar experi-
mental research chain is conducted here for the bark and SE bark. The
fuels are ground into a fine powder like in pulverized fuel applications.
The DTR devolatilization experiments are conducted for two particle
size fractions in order to cover the behavior of different particle sizes in
industrial size distributions:

1. Small size fraction (SF): particles collected between 112-125pm
sieves.

2. Large size fraction (LF): particles collected between 300-355 pm
sieves.

The small fraction (SF) is chosen because it represents the smallest
10 m-% of the typical pulverized fuel size distributions in industrial
applications. For the small particles, the internal heat transfer has minor
effect on the devolatilization behavior (near thermally thin region, Bi <
100 in typical flame conditions). The large fraction (LF), on the other
hand, is chosen because it represents the mass-average particle size in
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industrial size distributions. These particles belong clearly in the ther-
mally thick regime (Bi > 1000).

For the sieved size fractions, a sphere-equivalent particle size dis-
tribution is measured with an in-house particle imaging software. The
software calculates the size distribution using 2D projections of a large
number of particles in high resolution images. The size distributions for
bark and SE bark are presented in Fig. 2, and are used later in the kinetic
parameter optimization as discussed in Section 4.1.

3.2. Devolatilization measurements in drop-tube reactor

The electrically heated DTR can reach temperatures up to 1300 K.
The maximum drop distance for the particles is 67.5 cm, which results in
residence times between approximately 0.4 to 2.2 s for biomass particles
between 1000 to 25 pm, respectively. The drop distance can be varied by
adjusting the position of a water-cooled particle feeding probe inside the
drop-tube. The particle heating rates can reach up to 10* K/s for small
100 pm range, and 10° K/s for large millimeter range. Different gas at-
mospheres can be fed through the reactor, and pure nitrogen is used in
the pyrolysis tests of this study. Two nominal reactor temperatures,
973K and 1173K, are used for measuring the mass loss curves as a
function of drop distance.

Before the experiments, the fuels are oven dried. A sample mass of
10-100 mg is weighted, dropped through the reactor, and collected into
a liquid nitrogen -cooled collection vessel at the reactor outlet. The cold
temperature of the vessel effectively stops the ongoing chemical re-
actions. The collected sample is weighted, and the sample mass loss X (-)
for the particular drop distance is calculated as:

My in — My our

X = 1)

My in

where my;, (kg) is the raw sample mass, and ms o, (kg) is the sample
mass collected at the DTR outlet. A minimum of two samples is collected
for each drop distance. In high enough drop distances, the mass loss
remains constant and is defined as the high heating rate volatile content
froro (&) of the fuel. The residual char content f,;4 o (-) is calculated using
the 815 °C ash content f 0 (-) from the proximate analysis:

fChar,O =1 7f;/0[,0 7.]‘;1:%07 2

The flow inside the reactor is kept laminar in order to avoid particle
scattering to the reactor walls. Cold reactor tests have shown that the
sample mass is well conserved after falling through the reactor. A
camera based measurement device has been attached to the reactor in
order to measure the particle falling velocities, and further to determine
the particle residence times. Full details on the system can be found in
references [30-32]. The experimental DTR data is used in the CFD-
coupled optimization algorithm for determining the fuel-specific devo-
latilization parameters. The optimization procedure has been presented
in details in our previous study [23], and is also further discussed in
Section 4.1.

4. Numerical modeling
4.1. Optimization of fuel-specific devolatilization parameters

The fuel particles are modeled in the Lagrangian reference frame
with the standardly used spherical modeling approach. In this section,
only the devolatilization submodel is discussed, but a thorough
description for all particle submodels and assumptions is given in Ap-
pendix A. Throughout this work, the simulations are conducted with the
Ansys Fluent 2019 R3 CFD software. The particle mass loss in the
devolatilization stage is calculated with the Single First Order Reaction
(SFOR) model:
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where k (s7!) is the global rate constant, f,,0 (-) is the initial mass
fraction of volatiles in the particle (obtained from the DTR experiments),
and my o (kg) is the initial particle mass. The rate constant k is obtained
from the Arrhenius equation:

k = Ae”E/RTr) @

where A (s71) is the pre-exponential factor, E (Jmol™) is the apparent
activation energy, and R, (Jmol "'K™!) is the universal gas constant. It is
an empirical model which describes the particle mass loss, and is not
intended for detailed particle scale chemistry predictions. It has been
used successfully in many combustion simulations, see e.g. [17-20],
where the important contribution is to predict the release rate of vola-
tiles in the correct location inside the flame/furnace. The motivation for
using this models is its simplicity and fast calculation time, which makes
it ideal for large scale industrial simulations and fast-pace R&D pur-
poses. If the model is well fitted, it can predict comparable results with
the more complicated models such as the Chemical Percolation Devo-
latilization model (CPD) [33]. Furthermore, the more complicated
models are intentionally avoided in this work, because they usually
require many detailed parameters that are difficult to measure, and
become very cumbersome when many fuels are to be compared. In the
end, there might be several unknown parameters that have to be inac-
curately estimated for each fuel.

The devolatilization reactivity parameters, A and E in Eq. (4), are
determined with the CFD-based optimization procedure [23]. The pro-
cedure is based on fuel particle mass loss calculations in 3D CFD models
of the DTR test device. For each experimental drop distance, a corre-
sponding CFD model is constructed which mimics the experimental
conditions as accurately as possible. Each CFD model has boundary
conditions, such as the wall temperature profile, based on measurements
from the real reactor. The fuel particle trajectories through the reactor
are simulated, and detailed temperature histories and mass loss profiles
are obtained for the sample size distributions (see Fig. 2). The CFD
modeled mass loss at the reactor outlet is compared to the experimental
data, and a difference is calculated. The reactivity parameters are
determined by minimizing this difference with a MATLAB optimization
algorithm that is directly coupled to the CFD models of the DTR via
Ansys as a server (AnsysAAS) coupling. The pre-exponential factor A and
activation energy E are iterated as long as the best possible match be-
tween the modeled and measured mass loss is obtained.

The strength of the CFD-coupled procedure, as discussed in
[14,23,34], is that the particle temperature histories and residence times
can be accurately determined with the CFD models, including effects
such as nonuniform reactor wall temperature, complicated radiative
heat transfer to the particles, and different falling velocities and resi-
dence times for the different particle diameters. The reactivity param-
eters are optimized separately for the two size fractions (SF and LF) in
order to account for the lower devolatilization rate of large particles due
to internal heat transfer resistance. This approach is similar to the work
presented in [35], where the apparent single-rate devolatilization ki-
netics are determined for different particle sizes using detailed mass
transfer calculations and a multi-component devolatilization model.
However, instead of fitting the parameters to another model, this work
determines the apparent kinetics by a direct fit to the experimental DTR
data.

4.2. CFD model of pulverized fuel test rig

The 120 kW pulverized fuel test rig is located at the Technical Uni-
versity of Munich, Germany. The test rig consists of a burner, and a
combustion chamber with a diameter of 700mm and a length of



N.P. Niemeld et al.

Burner

= Primary air with
fuel particles

= Secondary and
tertiary air through
swirl vanes

= Core air

4000 mm

Wall temperature profile
estimated based on
measurements

Pressure outlet

Fuel 286 (2021) 119309

Fig. 3. 2D cutplanes showing the calculation domain and two example meshes. Swirl vanes shown in 3d view.

Table 2

Optimized devolatilization parameters for the two size fractions. Particle en-
velope density is determined with a mercury porosimeter. Volatile fraction,
including sample standard deviation, is measured with DTR in 900 °C.

Wood [23] Bark SE Bark
Single-Rate Devolatilization Parameters
SF LF SF LF SF LF
A 1/s) 5880 100 4350 1610 670 500
E (J/mol) 42720 24780 43 880 49 650 30 260 37 170
Particle properties for CFD, m-% dry basis
Volatiles 94.24+1.4 89.443.0 80.7+2.5
Char (by diff.) 5.0 7.4 14.6
Ash (815°C) 0.8 3.2 4.7
pp (kg/m*) 700 360 420
¢p (J/kgK) 1500 1500 1500

4000 mm. The fuel is fed into a top-down swirl burner by a gravimetric
screw feeder system. A primary channel carries the biomass fuel via air
stream, while additional preheated air is supplied into the core channel
as well as into the swirled secondary and tertiary channels. The test rig is
modeled as a 3D simulation domain including the swirl vanes and other
important burner details. The domain and two computational meshes
are illustrated in Fig. 3.

The simulations are conducted with a similar model set-up that is
commonly used in the industrial scale simulations (see e.g. [17-20]).
Because the large scale simulations are computationally expensive, the
turbulence and combustion models have to be relatively simple to be
suitable for fast-pace industrial design purposes. Therefore, the
Reynolds-Averaged Navier-Stokes (RANS) approach is used. The fuel
particles are modeled with the Lagrangian Discrete Phase Model (DPM)
[36], using the optimized reactivity parameters in the devolatilization
submodel. The gas-phase turbulence is modeled with the Realizable k-
model, which is recommended for swirling flows [36]. The radiative
heat transfer, including the scattering and absorption/emission of the
particle phase, is modeled with the Discrete Ordinates (DO) model. The
flue gas absorption coefficient is obtained from the Weighted Sum of
Gray Gases (WSGGM) approximation. The Eddy-Dissipation Model
(EDM) [37], combined with the Finite-Rate kinetics, is used for the
calculation of gas-phase reaction rates. A two-step reaction mechanism,
with CO intermediate, is used for the combustion of volatile gases that
are released from the fuel particles. A thorough model description is
given in Appendix A, where the submodels, equations, chemical re-
actions, kinetic parameters, model constants, and related assumptions

are presented in detail. It also includes a mesh independence study.
5. Results and discussion
5.1. Optimized devolatilization parameters

Table 2 presents the optimized reactivity parameters for the small
and large size fractions (SF and LF) of each fuel. The parameters can be
used in CFD modeling of high heating rate applications together with the
other given particle properties. A specific heat capacity of ¢, = 1500 J/
kgK is recommended for all fuels, because the parameter optimization
has been conducted with this value.

The SF parameters are recommended for small particles approxi-
mately in the range of d,<200 ym, whereas the LF parameters are rec-
ommended for larger than that. This diameter limit is based on the size
distributions of DTR experiments (see Fig. 2). Both sets can be applied
with the isothermal particle heat transfer equation that is the most
common model in the CFD software. The LF parameters compensate for
the nonisothermal effects and increase the particle devolatilization
times as compared to the SF parameters. In our previous study [23], it
was shown that a single LF parameter set was able to fit the experimental
data of a large diameter range (from 500 up to 1000 pm for wood).
Therefore, it is assumed that the single LF parameter set is suitable for all
pulverized fuel particles larger than the small particle limit. The volatile
contents in Table 2 are higher than the standard values presented in
Table 1, because the high heating rate in DTR increases the devolatilized
mass as compared to the standard low heating rate method. The steam-
explosion pretreatment significantly reduces the high heating rate vol-
atile content of bark (and increases the residual char content). The
decrease in the volatile content is typical also for the torrefaction pre-
treatment [38].

The reactivity parameters in Table 2 are in agreement with the other
high heating rate biomass devolatilization studies. Anastasakis et al.
[13] have collected a wide range of reactivity parameters for various
biomass fuels, including wood and lower grade feedstocks such as wheat
straw and sunflower residues. The reported pre-exponential factors
range typically from 8 to 40000 1/s, whereas the activation energies lie
between 11 and 74 kJ/mol. As such, the values obtained in this study are
well in line with the previous studies. Interestingly, the low heating rate
studies (mostly with TGA) report much higher activation energies,
typically from 100 to 200 kJ/mol [39]. The lower activation energies
and pre-exponential factors, as also obtained in this study, seem to be a
consistent result in high heating rate studies, but do not agree with the
low heating rate methods.
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Fig. 5. a) and b): Wood, bark and SE bark mass loss profiles for two different particle sizes in the 900 °C nominal wall temperature in DTR CFD model. c): Arrhenius
plot for the small (SF) and large fraction (LF) reactivity parameters of the fuels.

Fig. 4 shows the performance of the reactivity parameters against the
experimental DTR data. The calculated mass loss values are obtained
from DTR CFD models that mimic the experimental conditions as
accurately as possible. Each experimental data point has its own corre-
sponding CFD model, where the feeding probe is in the correct height
and the wall temperature is set to the measured profile. Furthermore, the
calculated values are averages over the simulated particle size distri-
butions. Fig. 4 shows that despite using the relatively simple first order
model, the optimized parameters are able to capture the experimental
mass loss profiles very well for the different DTR setting temperatures
and size fractions.

Fig. 5 presents the DTR mass loss profiles for two discrete diameters
of 50 pm and 400 pm as a function of residence time. The residence time
provides better comparability between the fuels than the drop distance
used in Fig. 4, because the fuels have different falling velocities inside
the reactor due to different densities. Graph a) shows that the 50 ym
wood particle is the most reactive out of the three fuels. Despite having
the highest density and volatile content, wood devolatilizes faster than
the bark and SE bark. The SE bark is characterized by the significantly

slowest devolatilization, requiring 0.19 s compared to the 0.15 s of Bark
and 0.11 s of wood. This can be a significant factor considering the fuel
ignition behavior and flame stability, because the small particle volatiles
are the primary ignition source in pulverized fuel flames. The results
indicate that steam-explosion has a negative impact on the fuel reac-
tivity. A similar trend has been shown to apply to torrefaction [38]. The
significance of this reactivity decrease is analyzed in more details in
Section 5.2, where the reactivity parameters are applied in the 120 kW
pulverized fuel flame simulations.

Fig. 5 b) indicates that the relative differences between wood, bark
and SE bark become less significant for the larger 400 pm particles. This
may be related to the internal heat transfer limitations, which make the
devolatilization process more heat transfer controlled than kinetically
controlled. The wood particle devolatilization requires a slightly longer
residence time, as it has the highest density and therefore the greatest
particle mass to be heated and devolatilized.

The reactivity parameters of all fuels and size fractions are plotted in
the Arrhenius plot in Fig. 5 ¢). It is important to note that the small
particle rate curves are significantly above the large particle constituents
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Fig. 7. a) to c): Comparison of temperature and NO fields in wood, bark and SE bark flames each having the same PSD. d): Increased particle size in bark simulation.

e): Wood devolatilization parameters used for SE bark as a sensitivity study.

for all fuels. This means that the LF parameters predict much lower
devolatilization rates and correctly capture the prolonged devolatiliza-
tion times due to internal heat transfer resistance. The results strongly
imply that the large biomass particles (approximately d, > 200 pm)
cannot be modeled with the same reactivity parameters as the small
nearly isothermal ones.

5.2. Devolatilization parameters in pulverized fuel flame simulations

In previous section, the devolatilization reactivities were compared

in the laboratory scale DTR test device. This section examines how the
optimized parameters scale up towards larger scale combustion simu-
lation, and what kind of industrially relevant differences they can reveal
between the analyzed fuels. Furthermore, the aim is to analyze how
strongly the different flame properties, such as ignition and NOx for-
mation, are influenced by the fuel quality and devolatilization reac-
tivity. The 120 kW pulverized fuel test rig CFD model, described in detail
in Appendix A, is used as a basis for this simulation study. The CFD
model has been validated with an extensive measurement campaign for
the SE bark fuel. The validation study is presented in Appendix B.
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Fig. 8. a) to c): Combustion rate of volatile gases in wood, bark and SE bark flames, comparing the flame ignition characteristics for fuels with same PSD. d) and e):
Sensitivity studies demonstrating how ignition is influenced by particle size distribution (Bark*) and devolatilization parameters (SE Bark*).

In the fuel comparison simulations, the fuel heat input, air-fuel ratio,
particle size distribution (PSD), and air flow divisions between the
different burner inlets are kept equal for all fuels. This way the influence
of fuel devolatilization reactivity can be isolated from the other factors
which affect the flame properties. Fig. 6 presents the PSDs that are used
in the simulations, and have also been combusted in bark and SE bark
combustion tests. The SE bark PSD in Fig. 6 a) is the main distribution
used for the flame comparison purposes. The bark PSD in Fig. 6 b) is used
for sensitivity studies as it includes significantly larger particle sizes. The
PSDs have been obtained from two measurement devices: 1) the CAM-
SIZER analyzer and 2) the in-house imaging software. The in-house tool
measures larger diameters, because it determines the sphere-equivalent
size which accounts for the high aspect ratio of biomass particles. It is
used in the simulations, as the same tool has been applied in the devo-
latilization parameter optimization procedure. The sphere-equivalent
PSD of Bark has not been measured by the in-house tool, but is esti-
mated by assuming the same relative behavior between the CAMSIZER
and in-house tool as measured for the SE bark.

The flame temperature and NO concentration fields for the three
fuels are compared in Fig. 7 a) to c). Despite keeping most of the flame
parameters constant, some local differences can be observed. The wood
flame has the highest peak temperature, being approximately 60 degrees
hotter than the bark and SE bark flames. Similar minor differences can
be observed in the major gas concentration fields (CO5, O,, H20), which
are not included in Fig. 7. The bark flame is very similar to the wood
flame, whereas the SE bark flame is slightly longer and more detached

from the burner. The SE bark flame does not ignite as efficiently as the
other two, because the high flame temperature is reached slightly
further away from the burner.

The NO concentrations in Fig. 7 indicate larger variations between
the fuels, but this can be mostly explained by the different fuel nitrogen
contents, see Table 1. Many of the variations between the flames can be
related to the different heating values, volatile contents, and C, H, O and
N elemental compositions of the fuels. For example, the wood and bark
have similar dry ash-free volatile contents and heating values, which
explains the similarity of the flame temperature fields in graphs a) and
b).

In order to explicitly isolate how the fuel devolatilization reactivity
affects the biomass flame and simulation results, a sensitivity study is
conducted by re-simulating the SE bark combustion with the wood
reactivity parameters. The results are presented in Fig. 7 e), labeled as SE
bark*. The SE bark* flame ignites closer to the burner and resembles
more of the wood flame. The volatile release location has a large in-
fluence on the formed NO emissions, as it determines the local reaction
conditions for the NO forming precursors (HCN, NHg3). The SE bark*
simulation predicts as much as 13% lower NO emissions (238 ppmv dry)
than the original SE bark simulation (274 ppmv dry), the original being
closer to the measured value (278 ppmv dry). This indicates that the
highly nonlinear flame properties, which are sensitive to local reaction
conditions, require that the volatiles are released in the correct location
inside the flame. In addition to NO emissions, this most probably applies
to the modeling of alkali aerosol (as indicated also in [22]) and soot
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heat transfer compensated parameters (LF, black curves). Flame temperature
contour shown below to illustrate the relative distances.

formation. Similar conclusions can be drawn from the sensitivity study
for bark simulation, labeled as bark* (Fig. 7 d). In bark* simulation, the
PSD has been increased from a) to b) of Fig. 6, which alters the volatile
release location and results in higher NO emissions by 22% as compared
to Fig. 7 b).

Flame ignition and stability issues are one of the most significant
challenges in industrial pulverized fuel applications, when new feed-
stocks are considered for biomass heat/power plants or when coal plants
are retrofitted to biomass. The previous sensitivity studies indicated that
the fuel devolatilization reactivity has a large impact on the flame
ignition position. Therefore, Fig. 8 presents a more detailed ignition
comparison for the fuels. It shows the combustion rate of volatile gases
from the front and top view angles of the flames. The contours for the
first 6 cm after the burner outlet show that the wood flame a) ignites the
most effectively and the bark flame b) is nearly as efficient. The SE bark
flame c) needs at least 2 cm longer distance to reach similar combustion
intensity as the wood and bark. This is a very significant lift-off distance
if compared to the 12.8 cm burner mouth diameter.

The poor SE bark ignition is a direct effect of the low reactivity of
small particles, as was hypothesized already in the discussion related to
Fig. 5 a). The ignition issues are qualitatively supported by the SE bark
combustion tests. Initially, the tests were attempted with larger particle
sizes, but the flame was very unstable, easily detached from the burner,
and had to be regularly re-ignited. The problem was solved only after the
fuel was re-milled, resulting in the very fine powder shown in Fig. 6 a)
(deo = 133 pm, CAMSIZER). The raw bark could be combusted with the
much larger particle size of Fig. 6 b) (dgy = 347 pm, CAMSIZER). Even
though the RANS-type steady-state simulations cannot directly predict
flame stability issues, the low reactivity of small SE bark particles, and
the resulting ignition delay, can be interpreted as an explanation for the
encountered problems. If the flame ignites far away from the burner, it
can more easily escape downstream when a minor instability occurs
(such as fluctuation in the fuel feeding rate into the burner). The bark*
sensitivity simulation in Fig. 8 d) demonstrates that also the PSD has a
significant effect on the ignition behavior. As such, the solid fuel ignition
can be viewed as a combination of fuel devolatilization reactivity and
the available PSD. The presented methods provide a predictive tool for
analyzing the combined effect of these two factors.

The SE bark* sensitivity simulation in Fig. 8 e) shows that if wood
devolatilization parameters are used for the SE bark, the simulation
falsely predicts the most efficient ignition out of all fuels, which is
merely a non-realistic result. This implies that the fuel-specific devola-
tilization parameters are needed for accurate ignition predictions. The
results, overall, indicate that the optimization methodology attained in
this work is able to provide fuel-specific information that can explain
phenomenological and industrially relevant differences between
biomass fuels. In many simulation studies, the fuel is modeled with
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devolatilization parameters that are taken from the literature, and might
have been determined for a different fuel or in different conditions (such
as TGA) that prevail in the modeling application. Based on the results of
this study, the main features such as major gas species and temperature
field might be rather realistically predicted, but accurate ignition and
NO (and presumably alkali aerosols and soot) require that the fuel-
specific behavior is correctly captured.

As a final result, Fig. 9 illustrates the importance of using the internal
heat transfer compensated LF parameters for the large fuel particles. The
two parameter sets, SF and LF, are compared in the SE bark simulation
by calculating the averaged axial mass loss profiles for two representa-
tive particle sizes, 290 pm and 410 pm, which belong in the LF size
regime. With the SF parameters, approximately 30 cm (d, = 290 pm)
and 42 cm (d, =410 pm) shorter lengths are required to reach a 80 m-%
(daf) mass loss as compared to the LF parameters. These are very large
distances compared to the flame length that is shown in the temperature
contours below. Too early volatile release can cause many errors in the
CFD predictions, especially when the overall share of large particles is
significant in the fuel size distribution (such as in full scale boiler sim-
ulations). Fig. 9 clearly implies that the large fuel particles cannot be
modeled with reactivity parameters determined with small particle
sizes.

Fig. 9 also indicates that the devolatilization parameters have a
moderate impact on the final unburned fuel prediction. The 410 pm
curves show that the predicted mass loss at the reactor outlet is 99.04 m-
% (daf) with the SF parameters, and 97.95 m-% (daf) with the LF pa-
rameters. When translated to unburned carbon content (UBC) in the fly
ash, the corresponding values are 16 m-% and 29 m-%, respectively.
This implies that accurate devolatilization modeling is important if very
precise UBC prediction is to be simulated. It is emphasized, however,
that in general the char oxidation model is much more dominant for the
final burnout prediction, because the oxidation is much slower
compared to the devolatilization stage.

6. Conclusions and future work

This work determines and compares the fuel-specific devolatilization
parameters of three pulverized biomass fuels. A high quality industrial
wood pellet is compared to a lower quality spruce bark and its steam-
explosion pretreated version. The presented methodology and the
derived reactivity parameters can be used in the energy industry to
examine how the biomass-specific properties affect the process perfor-
mance, and finally, enable the adoption of more challenging low-grade
feedstocks as fuels. The reactivity parameters are determined in a lab-
oratory scale DTR test device and then used in combustion simulations
of 120 kW pulverized fuel flames. The combustion simulations demon-
strate the good scalability of DTR results towards the larger scale
application. This is done because biomass devolatilization parameters
are extensively published in the literature, but the added value for
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Fig. A.1. Combustion chamber centerline temperature profiles for three
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industrial applications has been unclear.

The steam-explosion pretreatment has many favorable effects on
bark quality, such as increased density (+17%) and LHV (+8%). The
produced pellet is more moisture resistant and produces less dust in the
handling processes. On the other hand, the pretreatment has some

D = Burner outlet 1600
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1xD
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negative impacts on the fuel combustibility. The high heating rate vol-
atile content is significantly reduced, and the devolatilization reactivity
of small particles is decreased as compared to the raw bark. This is
shown to have a negative impact on the flame ignition characteristics. As
such, the SE bark needs to be ground into a finer dust for obtaining a
stable flame. Most importantly, the presented characterization, simula-
tion and analysis methods can be applied to other biomass fuels to better
understand how the process characteristics are influenced by the fuel
devolatilization reactivity, and also to quantify how the reactivity is
altered by a feedstock pretreatment.

The fuel-specific devolatilization parameters can enable more
detailed insight on biomass flame ignition. The ignition issues of SE bark
combustion experiments were explained by the CFD simulation, which
implied a more detached flame from the burner as compared to the
wood and raw bark. The presented methods are shown to provide
detailed information regarding the phenomenological side of solid fuel
ignition, which is very difficult to study experimentally due to the very
narrow localized nature. In addition to ignition, the fuel devolatilization
behavior is shown to have a strong impact on the highly nonlinear flame
properties, such as NO formation. This most probably applies also to
alkali aerosol and soot formation, which are sensitive to the local re-
action conditions where the volatiles are released. Finally, the
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Fig. B.2. Thermal camera images compared to CFD modeling.
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Fig. B.1. Measured axial temperature and gas profiles compared to CFD simulation results in three radial positions.

separately optimized large particle parameters, that compensate for the
internal heat transfer resistance, are shown to be important for accurate
prediction of unburned carbon in fly ash (UBC).

In future studies, a detailed ignition and flame stability analysis
could be conducted using the fuel-specific reactivity parameters in
transient Large-Eddy Simulations (LES). An important factor would be to
model an industrial scale biomass boiler to illustrate how the conclu-
sions scale up towards full-scale simulations. Finally, the determined
parameters could be utilized in simulations of other high heating rate
thermochemical conversion processes, such as the fast pyrolysis reactors
and entrained flow gasifiers.
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Appendix A. Detailed description of 120 kW test rig CFD model

This appendix presents a detailed description of the pulverized fuel test rig CFD model, including the mesh independence study, presentation of the
fuel particle submodels, and finally a description of the gas-phase combustion modeling. The test rig is modeled with the ANSYS Fluent 2019 R3 CFD
software [36] using a 3D simulation domain. The model includes the swirl vanes and other important burner details. The domain dimensions and two
computational meshes are presented in the main article in Fig. 3. In total, three different meshes are tested in order to ensure mesh independent
results. The largest mesh with 11.9 million cells is a hybrid tetrahedral/hexahedral mesh, in which the burner is a block-type structured hexahedral
domain and the combustion chamber is an unstructured hexa-core domain. The second mesh is of a similar type with 6.5 million cells, and the third
mesh is a fully unstuctured polyhedral mesh with 3.7 million cells. Fig. A.1 compares the reactor centerline gas temperature profiles for the three grids
in SE bark simulation. All meshes predict similar profiles, the finest mesh producing a slightly lower maximum temperature. The polyhedral mesh is
used in further calculations, as it is a good compromise between accuracy and relatively low total cell count. The convergence behavior is also very
stable with the polyhedral mesh.

The fuel particles are modeled as spheres and their trajectories are calculated in the Lagrangian reference frame using the Discrete Phase Model
(DPM) described in detail in [36]. The particle combustion process is modeled in three successive stages, where first the moisture evaporates, then the
volatile gases are released, and finally the residual char (assumed as pure carbon) burns in surface reaction to CO, until the ash fraction remains. The
particles are coupled to the Eulerian gas-phase equations through source terms, which are updated after 50 gas-phase iterations. Two-way coupling is
assumed, meaning that the gas and particle phases can interact with each other (exchange momentum, heat and mass), but the particles cannot affect
each other in any way (i.e. the particles cannot collide, or transfer heat or mass with each other). However, as the particles are coupled to the radiation
model, they can indirectly transfer heat through radiation.

The trajectories are computed by integrating the force balance of Eq. (A.1):
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%:fnw-mn%, (A1)
where 1, (ms 1) is the particle velocity vector, u (ms™}) is the gas velocity vector, and p,andp (kgm ) are the particle and gas densities, respectively.
The second term on the right hand side is the force of gravity (g = 9.81 ms™2), while the first term represents the drag force on the particle.
Approximately 100 000 individual particle trajectories are calculated in order to obtain a representative sample of the fuel behavior and to evaluate
the Eulerian source terms.

It is noticed that the simulation convergence is highly dependent on the trajectories of small fuel particles. Fig. A.2 presents the trajectories of
twenty 65 pm particles calculated with various drag laws in Eq. (A.1). The nonspherical [40] and spherical drag law [41] are available in the Fluent
2019 R3 software, while the cylindrical [42] and spherical law [43] are implemented through user-defined functions. The general tendency with all
models a) to d) in Fig. A.2, is that the particles are transported to the reactor wall after burner outlet (by the swirling secondary and tertiary flows).
Because of this, a flame is not formed in the middle of the chamber and a converged solution is not obtained.

In the experiments, it is observed that the particles move axially downward after the burner outlet. Similar behavior is achieved in the simulation if
the particle drag force is reduced as demonstrated in Fig. A.2 f). This reduced drag coefficient is used for the small fuel particles (d, < 170 pm), while
the larger ones are modeled with the nonspherical drag law [40] with a shape factor 0.8 (ratio between the surface areas of volume-equivalent sphere
and actual particle). It is hard to find a reasoning for this behavior, but it is most probably related to phenomena that is not included in the modeling,
such as particle collisions, clustering of small fuel particles, or a rocket force due to rapid volatile release. Some modeling inaccuracies can also be an
explanation, such as erroneous particle-turbulence interaction modeling in the RANS simulation. In the author’s experience, the drag reduction for
small particles has also functioned well in pulverized biomass combustion simulations of other burners/boilers.

The particles heat up through radiation, and through convective heat transfer which is calculated from a Nusselt number correlation for sphere
[44]. The particle energy equation is presented in Eq. (A.2):

d
L = hA (T —Ty) + <pApo(Th — T?) —fh%hm,, (A.2)

where m,, (kg) is the particle mass, ¢, = 1500 (Jkg’lK’l) is the specific heat capacity, h (Wm™2K™1) is the convective heat transfer coefficient, A, (m?)
is the spherical surface area, T, (K) is the surrounding gas temperature, T, (K) is the particle temperature, <, = 0.9 (-) is the particle surface

emissivity, ¢ is the Stefan-Boltzmann constant, Tz = (G/ 40)1/ * (K) is the radiation temperature, and G (Wm™2) is the incident radiation from the
surroundings to the particle surface (obtained from the numerical radiation solution). The last term in Eq. (A.2) is active only in the final char
oxidation stage. The constant f;, (-) is set to one, as recommended in the Fluent theory guide [36], which means the particles absorb 100 percent of the
reaction heat hcpq (Jkg’l) that is released in the heterogeneous char combustion. A similar term is active in the initial water evaporation stage, but the
reaction heat is replaced by the latent heat of water.

All particle sizes are calculated with the isothermal heat transfer model of Eq. (A.2). The temperature of large particles varies inside their volume
and the single temperature value T}, is not sufficient to describe the real heating behavior. However, as the devolatilization reactivity parameters are
optimized together with this equation, they compensate for the isothermal simplification and result in the correct mass loss rate in accordance with the
DTR measurement data (so-called heat transfer compensated reactivity parameters). This procedure is considered appropriate, because the highly
variable shapes, varying material properties, and internal temperature profiles cannot be accounted by any practical model. With the current opti-
mization approach, all complicated effects can be lumped into the reactivity parameters. This procedure, as also proposed in [35,45], minimizes the
computational requirements of the CFD simulation.

The equations for the mass loss calculations in the devolatilization step, as well as the reactivity parameter optimization procedure, are discussed
within the main article. After the volatile mass has been released, the residual char burns in surface reaction to produce carbon monoxide. The
apparent char oxidation rate is calculated with the widely used kinetics and diffusion limited surface combustion model (see [36]):

dm, (1) DR (A.3)

:A7 3
dr "Pop T R

where po, (Pa) is the oxygen partial pressure in the surrounding computational cell, Dy (sm™) is the diffusion-rate for oxygen towards the particle
surface, and R (sm™?) is the kinetic rate of char oxidation. The pre-exponential factor and activation energy for the kinetic rate R are assumed 0.002 s/
m and 70 kJ/mol, respectively. These are otherwise the default values for coal in Fluent, but the activation energy has been reduced from 79 to 70 kJ/
mol to account for the faster oxidation rate commonly measured for biomass chars. The diffusion rate Dy requires a user-defined model constant C;
(sK~%7%). A reduced value of 2e-12 is used as recommended in [46] (5e-12 is the default in Fluent). The lower value prevents the particle temperature
rising too high, which could result in too efficient char oxidation rate when the char gasification reactions are not accounted. Because this work
concentrates on the devolatilization process, the char oxidation model is of a secondary importance. If highly accurate burnout results are needed, the
char oxidation kinetics should be measured for the char in question, and the char gasification reactions could be included.

Fig. A.3 shows the particle size distribution of SE bark used in the 120 kW combustion tests. This sphere-equivalent size distribution is measured
with the in-house particle imaging software and used in all CFD simulations (also for wood and bark). It is divided into 20 discrete particle diameters,
which are each injected separately into the simulation domain. This enables choosing different devolatilization parameters for the different particle
sizes. As shown in Fig. A.3, the diameters smaller than 170 pm are modeled with the SF reactivity parameters, and the larger with LF parameters (see
Table 2). The cutoff diameter where the devolatilization parameters are changed is chosen based on the LF size distribution of DTR experiments (see
Fig. 2).

The gas-phase solution is obtained numerically with the finite volume method by solving the Eulerian partial differential equations describing
mass, momentum, species and energy conservation. The steady state pressure-based coupled solver is used. The gradients are estimated with the least-
squares cell based method, the pressure is discretized with the PRESTO!-scheme, and the other variables with the second order upwind scheme. The
pseudo transient method is used for additional convergence stability. The aforementioned equations and numerical solution methods are described in
detail in many fluid dynamics books and in the theory guide of the CFD code [36]. The convergence is monitored by examining the residual levels, as
well as multiple solution variables such as the outlet emissions and the temperature in a single point inside the flame. The simulations are considered
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converged when the monitored values and residuals have stabilized, and the imbalance in overall mass and energy conservation are less than 0.5%.

The submodels are chosen such that a similar simulation set-up would be feasible also in industrial scale simulations. Because the large scale
simulations are computationally expensive, the turbulence and combustion models have to be relatively simple to be suitable for fast-pace industrial
design purposes. Keeping this in mind, the Reynolds-Averaged Navier-Stokes (RANS) approach is chosen. Turbulence is modeled with the Realizable
k- model, which is recommended for highly swirling flows [36]. The radiative heat transfer, including the scattering and absorption/emission of the
particle phase, is modeled with the Discrete Ordinates (DO) model. The absorption coefficient for the flue gas is obtained from the Weighted Sum of
Gray Gases (WSGGM) model.

The Eddy-Dissipation Model (EDM) [37] combined with Finite-Rate kinetics is used as the combustion model. It determines a mixing-limited
reaction rate from the turbulence parameters (k and <). The finite-rate part calculates the Arrhenius-rate by using the mean species concentrations
and temperature in the computational cells (thus not taking into account the effect of turbulent fluctuations). Finally, the combined model chooses the
smallest of these rates as a controlling reaction rate in a cell. The advantage of the model is its simplicity, but the negative side is the fact that it requires
two non-universal model parameters, A and B, which can have a large effect on the solution.

The applied reaction mechanism is presented in Egs. (A.4)-(A.7). Egs. (A.4) and (A.5) represent the gas release from the fuel particles during
devolatilization and char oxidation, respectively. The volatiles are modeled with a lumped species, which for the SE bark is Cp 292H0.50800.198-. Its
chemical composition and heating value are calculated from the ultimate and proximate analysis of Table 1. Thus, the volatile gas properties change
according to the simulated fuel. The volatiles react in the gas-phase according to Eq. (A.6). The final reaction in Eq. (A.7) describes the CO oxidation.

The reaction rate for the volatile combustion in Eq. (A.6) is calculated solely with the mixing-limited rate of EDM (by setting Arrhenius activation
energy to a low value). This is done because of convergence issues encountered with the Fluent’s default Arrhenius rate (possibly because it is aimed
for coal volatiles). Another modification is that the EDM constants A and B for the CO oxidation reaction (Eq. (A.7)) are set to values 2 and 0.25
(default 4 and 0.5), respectively. This lowers down the CO combustion rate, as recommended in [47].

SEBark(s) - £, Volatiles(g) -+ foparoChar(s) -+ fu0Ash(s) (A4
Char(s) + %oﬁco (A.5)
Co.29:Hp 50300.198 + 0.1740,—0.292CO + 0.254H,0 (A.6)
COo + %oﬁco2 (A7)

The NO emissions are modeled similarly with the large scale boiler CFD studies (see e.g. [48]), including the thermal and fuel NO formation paths.
The thermal NO is calculated using the extended Zeldovich mechanism, where partial equilibrium is assumed for O and OH radicals. The fuel NO
formation is calculated assuming that 90 m-% of the fuel N content is released in the devolatilization stage. The composition of the volatile N is set as
57 m-% of NH3, 3 m-% of HCN and 40 m-% of Ng, a trend shown in the experiments conducted for wood bark in [49]. The fuel nitrogen release in the
char oxidation stage accounts for 10 m-% of the total fuel N content, consisting of 60 m-% of directly formed NO and 40 m-% of N,. Finally, the
released species react in the gas phase according to the HCN/NH3/NO reaction mechanism described in [36]. The effect of turbulent fluctuations is
modeled with the probability density function method using the beta distribution with 20 discrete points, and the global maximum flame temperature
as the upper limit. In the temperature levels of the current simulation, the fuel pathway has a more dominant role on the overall NO emissions.

Appendix B. CFD model validation with experiments

This appendix presents a general validation study for the CFD model of the pulverized fuel test rig. The test rig is located at the Technical University
of Munich, Germany, where the combustion tests have been conducted during EU-funded Biofficiency research project. The raw bark and steam-
exploded bark were tested in order to compare their combustibility. The main difference between the fuels was the more challenging ignition
behavior of SE bark. The flame was initially very unstable, easily detached from the burner, and had to be regularly re-ignited. The problem was solved
only after the fuel was re-milled into a much finer dust (dgy = 133 pm according to size distribution measurement with CAMSIZER). The raw bark,
however, could be combusted with a stable flame with much larger particle sizes (dyo = 347 pm, CAMSIZER) without any significant operating issues.

The SE bark flame was further characterized by an extensive measurement campaign in order to obtain more detailed validation data for CFD
modeling. The gas temperatures were measured with an IFRF type suction pyrometer for accurate and radiation-independent temperature mea-
surements up to 1800 °C. The pyrometer was inserted in one of the eight ports located axially at different heights in the combustion chamber, and
positioned at the correct radial measurement location until a steady temperature measurement (+ 5°C) was observed. Additionally, the gas
composition was measured in two ways - with a suction probe for localized measurements (Siemens ULTRAMAT), as well as with a gas analyzer at the
end of the combustion chamber (ABB AO 2020). With these analyzers, Oz, CO, CO3 and NO were measured continuously during the experiments. The
turbulent gas measurement data from ULTRAMAT was then time-averaged from a time period of 10-25 min of steady operation for each measurement
point. The outlet concentrations from ABB AO 2020 were time-averaged over a longer period accounting the whole measurement campaign duration.
Furthermore, an infrared video was recorded below the burner in order to monitor the flame shape and stability.

Fig. B.1 compares the SE bark CFD simulation and measurements. Axial profiles from the burner outlet (x = 0 m) down to the reactor outlet (x = 4
m) are presented at three radial positions, which are visualized in the embedded temperature contour. The CFD profiles (continuous lines) present the
simulation values distributed around a three centimeter radius surrounding the measurement location (see the thin vertical lines in the contour plot).
This is done because the measurement probe cannot be exactly positioned at the desired location, and a better comparison can be made when the
distribution of CFD data is also shown.

A very good general correspondence for the simulation and measurements is implied by Fig. B.1. The temperature, O3, CO2, CO and NO profiles in
graphs a) to o) have all relatively good match with measurements. However, various deviations can also be identified. The most notable are in the
centerline temperature profile a), and in the CO and NO profiles j) to o). The temperature deviation for the burner outlet region in graph a) (x < 1 m)
can be explained by the very sensitive measurement location. The embedded temperature contour shows that the temperature gradients are very large
at the vicinity of the reactor centerline, and the pyrometer with relatively large suction head causes gas mixing when inserted inside the flame.
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The reason for the deviation in the CO profiles j) to 1), on the other hand, is explained by the problems experienced with the fuel feeding system
during the combustion tests. Occasional high CO peaks occurred due to fluctuation in the fuel feeding rate (as seen from the high standard deviations),
which greatly increase the time-averaged measurement values. During stable fuel feeding, the outlet CO concentration stayed well below 1000 ppm
level, which is close to the CFD prediction at the reactor outlet. This problem was later solved by installing a vibrator to the fuel feeding system. The
suction probe gas measurements were not reproduced after this, because the improved feeding system presumably had a negligible impact on the other
gas species in Fig. B.1.

For the NO profiles in graphs m) to 0), it is notable that the localized suction probe (Siemens ULTRAMAT) and the chamber outlet measurement
(ABB AO 2020) indicate different NO levels. The deviation is most probably caused by a calibration error in the suction probe measurements. The
maximum amount of fuel NO that can be formed in the simulation (based on the fuel nitrogen content and fuel NOx model settings) is approximately
660 ppm (dry). In this context, the CFD prediction is well in the correct range, and in a very good agreement with the outlet concentration measured by
ABB AO 2020.

Fig. B.2 shows a qualitative comparison for the CFD simulation and thermal camera imaging of the SE Bark flame. An instantaneous infrared image
is shown on the left, indicating the visual flame ignites at the burner mouth and burns very narrowly close to the combustion chamber centerline. The
flame diameter is of the same order as the burner outlet (128 mm). The middle figure shows a time-averaged infrared image, which is processed by
averaging the temperature values of each pixel in 200 instantaneous IR images, covering a total averaging time of 8 s. It is notable how symmetrical the
time-averaged flame image is, especially when compared to the chaotic instantaneous flame on the left. The averaged IR flame closely resembles the
RANS-type CFD results, where a time-averaged flow field is solved.

The right side of Fig. B.2 represents the CFD model, displaying the radiative heat source from the fuel particles in a middle cut-section of the flame.
It is a good variable to be compared with the thermal camera images, which mostly capture the particle black-body radiation. It is emphasized that the
CFD contour is a cut-plane through the flame, while the IR images are taken from the front of the flame (representing thermal radiation emitted by the
whole flame volume). The infrared camera uses a fish-eye lens, which also slightly distorts the image dimensions. Therefore, a direct comparison
cannot be made but some important conclusions can be drawn. Firstly, the CFD simulation predicts a very similar shape and size for the flame,
indicating it captures the fuel particle stream relatively well compared to reality. Secondly, the CFD model indicates a high particle temperature at the
flame edge and a colder temperature at the flame core, which can be also seen in the time-averaged IR image if carefully observed.

Despite of the discussed issues, it can be concluded that the SE bark simulation is able to accurately predict the important flame properties, such as
the temperature, Oy, and CO3 profiles which are remarkably similar to the measurements. The simulation is able to reproduce the measured data
throughout the reactor volume. In particular, the accurate prediction of oxygen levels in all measured positions indicates that the volatile gas re-
actions, flame length, and the general flow field are well captured by the CFD model. This provides experimental confidence towards the test rig CFD
model, and provides a good basis for the more theoretical simulation study conducted in the main paper.
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