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HIGHLIGHTS

« Detailed BLRS to investigate the interaction and overlap between devolatilisation and char conversion.
« Detailed multi-step kinetic approach to describe the coal particle conversion.

« Proposed a first-of-its-kind methodology and criteria to evaluate the overlap.

« Developed a regression for integration into reduced-order models.

ARTICLE INFO ABSTRACT

Keywords: The interaction and overlap between the devolatilisation and char conversion processes of a single coal particle are
Coal combustion investigated using a detailed boundary layer resolved simulation (BLRS) approach, in which all relevant gradients
Devolatilisation are resolved and gas solid interactions are represented through a set of boundary conditions. The gas phase is

Char conversion
Multi-step kinetics
BLRS

modelled with a detailed homogeneous reaction mechanism comprising 76 species and 973 reactions. The solid
phase is treated as a porous medium with a detailed multi-step kinetic approach for both devolatilisation and char
conversion (CRECK-S-C). The devolatilisation mechanism includes 32 species and 35 reactions, while the char
conversion mechanism involves 8 species and 14 reactions. In total, 45 simulations are performed under varying
ambient conditions, i.e. oxygen concentration, gas temperature, and varying particle size. The overlap between
devolatilisation and char conversion is quantified by a criterion where the respective conversion rates differ by
less than one order of magnitude, indicating a strong coupling that should not be neglected. Moreover, the overlap
is expressed as the fraction of volatile mass released when char conversion becomes significant, Y, , which can
be directly applied in reduced-order models, e.g. sub-models in the Euler-Lagrange context. The results reveal a
consistent trend for smaller particle sizes (d, < 100 um). Increasing ambient temperature, oxygen concentration
and/or particle diameter leads to earlier start of overlap, corresponding to a lower value of Yy, . For larger particle
sizes (d, > 100 um) a slightly different behaviour has been observed, particularly under a certain condition, where
larger overlap regions, i.e. lower Yy, values, occur than would be expected from the general trend. Based on
these findings, a linear regression model for Y, (X,,, T, d,) was derived to predict the activation point of char
conversion sub-models under varying conditions that can be implemented in reduced-order simulations.

1. Introduction well-established technical performance. However, the inherent pollution
and greenhouse gases caused by PCC drive significant research efforts to
gain a deeper understanding of its underlying thermochemical processes,
including ignition and combustion behaviour, in order to mitigate pol-
lution and climate change. During PCC, a solid fuel particle generally
undergoes five main thermo-physical stages [1], namely:

To guarantee a secure energy supply in the next few decades, re-
liability and efficiency have highest priority. The conversion of solid
fuels, in particular pulverised coal combustion (PCC), remains one of
the most common and established technologies for generating baseload
electrical power, due to its long-term proven operational reliability and
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\begin {align}\label {ieq1} V_{c,i} = D_k \frac {\partial Y_k}{\partial x_i}.\end {align}
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\begin {equation}\label {ieq2} V_g = V_p \cdot \epsilon \qquad {\textrm {and}} \qquad V_s = V_p \cdot (1-\epsilon ),\end {equation}
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\begin {align}\label {ieq3} \frac {\partial }{\partial t} (\rho _s (1 - \epsilon )) = \sum ^{N_{s}}_{k = 1} \dot {\omega }_{k,s} , \\ \frac {\partial }{\partial t} (\rho _s Y_{k,s} (1 - \epsilon )) = \dot {\omega }_{k,s} , \label {eq:particle_solid_species}\end {align}
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\begin {equation}\label {ieq5} p_\mathrm {int.} = p_\mathrm {ext.} = 103125\,{\textrm {Pa}}\end {equation}
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\begin {equation}\dot {m}_{\textrm {dev}} = \sum _{R} \sum _{k} \dot {\omega }_{k,R} M_k \quad \textrm {with} \quad \genfrac {}{}{0pt}{}{{R = \#1 \, \text {-} \, \#33, \#38}}{k = k_{\textrm {dev}} \hfill } \label {eq:rdev}\end {equation}


$k_{\textrm {dev}}$


$\#$


$\#$


$\#$


$\#$


$\#$


$\#$


$\mathrm {CO_2}$


$k_{\textrm {char}}$


$\mathrm {O_2}\rightarrow $


$\mathrm {H_{2}O}$


$\mathrm {O_2}$


$\rightarrow $


$\mathrm {CO_2}$


$\mathrm {O_2}\rightarrow $


$\mathrm {O_2}$


$\rightarrow $


$\mathrm {CO_2}$


$\mathrm {O_2}$


$\rightarrow $


\begin {equation}\dot {m}_{\textrm {char}} = \sum _{R} \sum _{k} \dot {\omega }_{k,R} M_k \quad \textrm {with} \quad \genfrac {}{}{0pt}{}{{R = \#39 \, \text {-} \, \#43}}{k = k_{\textrm {char}} \hfill } \label {eq:rchar}\end {equation}
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\begin {equation}{\textrm {overlap}}: 0.1 \leq \frac {\dot {m}_{\textrm {dev}}}{\dot {m}_{\textrm {char}}} \leq 10 \label {eq:overlap_region}\end {equation}
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\begin {equation}Y_{{\textrm {OL}},d_p = 100\,\text {\textmu m}} = \alpha + \beta \frac {T}{T_p} + \gamma X_\mathrm {O_2} \label {eq:regression_T_O2}\end {equation}
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(i) heating by convection and radiation
(ii) drying of inherent moisture
(iii) devolatilisation of embedded light gases
(iv) homogeneous combustion of the light gases
(v) heterogeneous conversion of the remaining char

These processes typically proceed in sequence, but overlaps may arise
and must be accurately captured in modelling.

Previous experimental investigations [2-7] have shown that pro-
cesses (iii), (iv) and (v) can significantly overlap, depending on the
particle properties such as coal type and particle size, and the operating
conditions in the furnace, e.g. ambient gas conditions and temperature.
These studies were able to experimentally identify the transition be-
tween these processes through the observed ignition modes, namely ho-
mogeneous, heterogeneous or hetero-homogeneous ignition. Homogeneous
and heterogeneous ignition modes correspond to the isolated processes
(iv) and (v), respectively, whereas hetero-homogeneous ignition is as-
sociated with the simultaneous occurrence of processes (iv) and (v). It
is also worth noting that process (iv) is a consequence of process (iii).
From a modelling point of view, the overlap has a great importance.
Various modelling approaches [5-9] have been employed to quan-
tify the hetero-homogeneous ignition mode under various conditions,
typically based on reduced-order devolatilisation and char conversion
models.

Rather than following the classical approach of quantifying the over-
lap between processes (iv) and (v), the present study attempts to assess
the potential overlap of processes (iii, devolatilisation) and (v, char
conversion), while process (iv, homogeneous combustion) may proceed
simultaneously. Moreover, in large-scale simulations of solid fuel parti-
cles, Euler-Lagrange approaches are typically employed together with
simplified devolatilisation and char conversion sub-models [10-19]. In
such studies, and in the context of modelling strategies, it is commonly
assumed that processes (iii) and (v) occur sequentially or with a small,
user-defined overlap, e.g. char conversion starts once a specified frac-
tion of volatiles has been released. This study is further motivated by
a limitation of modelling approaches for solid fuel conversion in the
Euler-Lagrange context, such as flamelets [20-30], Multiple Mapping
Conditioning (MMC) [31] and others. While e.g. flamelet models can po-
tentially account for overlapping processes (iii), (iv) and (v) they—when
applied in the Euler-Lagrange context—do not account for overlapping
effects that occur directly in the boundary layer near the particle surface.
For instance, displacement of oxygen from the particle surface during the
devolatilisation process (iii) can delay char conversion, because less O,
is available for process (v). Neglecting this interference induces errors
in the particle near-field and affects the overall burning behaviour.

To accurately quantify the overlap between processes (iii), (v) [and
partially also (iv)] we investigate the conversion of single coal particles
using a detailed boundary layer resolved simulation (BLRS) approach.
In BLRS, the computational grid resolves all relevant gradients and the
gas-solid exchange is represented through a set of boundary conditions.
Although this approach offers high accuracy, its significant computa-
tional cost restricts its application to single particles [32-36] and small
particle groups [37-39]. However, previous BLRS studies have demon-
strated that this modelling approach is well-suited for improving our
understanding of particle conversion processes and supporting model
development [32,34,36].

In the present study, the conversion of single coal particles is investi-
gated using BLRS for various ambient conditions and particle sizes. The
gas phase is described with detailed homogeneous kinetics [33]. The
solid phase is defined as a porous medium and described using a de-
tailed, yet flexible multi-step kinetic approach for (iii) devolatilisation
[40] and (v) char conversion [41] to examine the overlap of these two
processes. To the best of our knowledge, no numerical studies have yet
investigated the overlap between devolatilisation and char conversion
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with such high model fidelity in BLRS. The objectives of the present
study are to

« propose a methodology and criteria for assessing the overlap of
devolatilisation and char conversion,

« evaluate the overlap of devolatilisation and char conversion for
varying ambient conditions and particle sizes,

« develop a regression to integrate the extent of overlap into simpli-
fied sub-models.

The remainder of this paper is organised as follows: Section 2 outlines
the BLRS approach, followed by a description of the computational setup
in Section 3. Results are presented and discussed in Section 4 and the
main conclusions are given in Section 5.

2. Modelling

As in our previous study by Tufano et al. [33], the modelling strategy
adopted in the present work differentiates between the particle interior
and exterior, with the two regions separated by a spherical interface. The
mathematical description for both regions is presented in the following.

2.1. Particle exterior

The particle exterior is treated as a reacting continuum and is de-
scribed by the governing equations for total mass, momentum, energy
and chemical species as

dp 0

4+ —(pu)=0, 1
ar T ox, ) W
9 9 op 9 ou;  Ju; 7 ou,

O uy+ Loy ==L v I (| 2 _2%ms 1) 2
o 74 ox; oitty) = = o ox, (” [axi ox;  30x, 2)
7] i) [é] A oT Cp.k - )

E(PT) + a_xi(PuiT) = ox <; a_x,) - pZYch,i + 57 rad + @7 chem>

©)]

i(ﬂyk)‘F i(l’u'yk) -2 ﬂDk% - i(PV i Yi) + O chem - Q)
ot ox; ! 0x; ox; ox; chem

Here, subscripts <i,j> indicating the coordinate directions, x the
spatial coordinate, ¢ the time, p the density, u the velocity, T the tem-
perature, 4 the heat conductivity, ¢, the specific heat capacity and
Srraq the radiative source term. Y, is the mass fraction of chemical
species k, D, is the mass diffusivity, @y chem and @y cpen the heat re-
lease and species reaction rates from homogeneous chemical reactions,
respectively. Radiative heat transfer is considered by the P1 model and
differential species diffusion is modelled by a mixture-averaged ap-
proach [42]. V,; is a corrective diffusion velocity vector to enforce mass
conservation and is employed as [42,43]

oY,
Vei= D5 %)
1

2.2. Particle interior

The particle interior is treated as a porous medium and is divided
into a gas phase (subscript < g >) and solid phase (subscript < s >). The
two sub-volumes of each phase are determined as

Ve=V,-¢ and

Vi=V,-(I1-e), (6)
with V, denoting the total particle volume and e the particle poros-
ity. Because of these two distinct phases, separate sets of conservation
equations must be solved for each:
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« Solid phase:

The conservation of total mass and chemical species are calcu-
lated as [33,44]

Ny
d S
5 (0 —e)= ;wk,s, %)

a .
(0, Yies(1 = ) = i, ®

with N; the number of solid species and w, , the solid species
reaction rates.

Gas phase:
For the gas phase, the conservation equations of total mass,
momentum and chemical species are solved as

) ] <
5105+ 5 (o) = ;::lcbk,g ©
J d op
E(pguis) + a—xj(pgu,-uj = _d_x,-
0 a”j Ju; 2 ou,
+ = T 2%ms )+ 10
ax; <”g [0}:,— ox; 30x, " (10)

9 9 0 Wig
E(ngk,gS) + ()_xi(pguiYk’g) = a—x‘ (pDk’ga_xi

d .
— 5 (PgVeiYig) + Gorg an
1
where N, represents the number of gaseous species, @, , the reac-
tion rates of the gaseous species obtained form the heterogeneous
reaction mechanism and S the momentum source term for the
porous media as defined by the Darcy-Forchheimer law [33].

Energy conservation in the particle interior:

Finally, energy conservation in the particle interior is consid-
ered through the processes of conduction, convection and chemical
reaction. Assuming local thermal equilibrium, the joint energy
equation for both phases is formulated as follows

J 7} a
Cpg E(pnge) +epg a—)(i(pgu,-Tp) + cp,sa(pSTp(l —€))

o,

9 .
= a_xi(j'eff,a_xi) + Ochem (12)
with T, the internal particle temperature, 4. the effective thermal
conductivity [33] and Qe the heat release by chemical reac-
tions. The remaining coefficients of the porous media model and

additional details are provided in [33,44].

2.3. Interface particle interior/exterior

In the BLRS approach, the coupling between the particle interior
(subscript <int.>) and exterior (subscript <ext.>) is realised through
a set of boundary conditions at the particle surface. The boundary
conditions are given as

» Pressure

Pint. = Pext. = 103125 Pa 13)
+ Velocity

ou:

a_j‘(: =0 (14)

ilint.
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« Solid phase species

Y
ox;

=0 (15)

« Gas phase species

Yy, Y,
D i = £ 16
PgDeft .k or o k5, - (16)

» Temperature
aT, oT
P

L2 =& +s5 a7)

eff. or - or oxt. rad

where the surface radiative heat flux S,,4 is determined using the
Marshak boundary condition with particle absorption coefficient ¢, =
1.0 [33] and Dy, the effective pore diffusion coefficient [33,41]

-1

1 1 €

Dett g = |:D_;(n + DKn] 2 as8)
k

where D} is the molecular diffusivity, 7 tortuosity and Df“ the Knudsen
diffusivity calculated as

d
pkn = /8 RT 19)
3 n M,

with particle pore diameter dp,, = 0.3 pm [41], universal gas constant R
and molar mass M, of species k.

2.4. Kinetic models

2.4.1. Homogeneous gas phase reactions

The kinetics used for homogeneous gas phase reactions are based on
a skeletal mechanism derived from a reduction of the detailed CRECK-
G-1407 model [33]. This mechanism comprises 76 species and 973
reactions, describing both the devolatilisation and oxidation of light and
heavy hydrocarbon species.

2.4.2. Heterogeneous reactions

In this work, a detailed multi-step heterogeneous kinetic model
(CRECK-S-C) [45] for coal devolatilisation [40] and char conversion
[41] is employed. The model consists of a total of 40 species and 49
reactions. The devolatilisation process is described by 32 species and
35 reactions, while 8 species and 14 reactions represent char oxidation,
char annealing and char gasification. The volatile matter released dur-
ing pyrolysis consists of a complex mixture of light gases and heavy tars,
with the latter being modelled as lumped species (see Table 1).

2.5. Coal properties

In the present study, Pittsburgh seam high-volatile bituminous coal
[46] is selected as the fuel, with its proximate and ultimate analyses
given in Table 2. Rather than describing the coal directly by its ulti-
mate and proximate analyses, the latter are used to represent it in terms
of three reference coals derived through linear interpolation, which are
then employed in the detailed multi-step kinetic model. The composi-
tion in terms of the reference coals in mass-% is COAL1 = 27.90, COAL2
=49.41, COAL3 = 12.69 and Ash = 10 [33]. The fixed carbon in the prox-

Table 1
Lumped species of heavy tars in mass-% [33].

TAR1  25.8CyH,, + 74.2C ,H

TAR2  22.4Cy H,CH, + 50.8CyH,, + 26.8C, H,,0,

TAR3  9.7C;H;CH; + 22.1CyH,, + 27.3CoH,,0, + 40.8C, H,,0,
BTX2  41.8C, H,CH; + 58.2C,oH,,
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Table 2
Properties of Pittsburgh seam high-volatile bituminous coal
[46].

Ultimate analysis (wt% daf)  Proximate analysis (wt% dry)

C 75.23 Fixed carbon 37.9
H 5.16 Volatile matter 35.89
O 9.83 Moisture 0.47
N 1.43 Ash 6.95
S 2.00

HHV 30.94

[MJ/kg]

imate analysis Table 2 is initially contained within COAL1, COAL2 and
COALS3. During the conversion of the reference coals, this bound fixed
carbon is transformed into reactive CHAR. The coal used in the present
study follows [33,46]. It has a density of p, = 1400kg/m?, heat capacity
of ¢p,s = 1680 J/(kgK), thermal conductivity of 4, = 0.3 W/(mK), initial

porosity of ¢, = 0.25 and an initial tortuosity of 7, = \/5

2.6. Model validation

The detailed multi-step heterogeneous kinetic model of Maffei [45]
and co-workers has been adopted in this work to jointly predict coal
devolatilisation [40], char conversion [41] and homogeneous volatile
combustion [33]. The kinetic sub-model for coal devolatilisation has
been extensively validated in previous studies against a wide range of
experimental datasets, covering various reactors, coal types (including
Pittsburgh high-volatile bituminous coal), heating rates and initial par-
ticle temperatures [40]. The char conversion sub-model has similarly
been validated using drop-tube reactor experiments for two coal types,
namely Pittsburgh high-volatile bituminous coal and Beulah lignite, un-
der quiescent gas conditions and varying environmental compositions
[41]. The model has further been extended to include homogeneous
gas phase reactions in [33], where a good agreement with experi-
mental measurements was achieved. Collectively, these prior validation
studies demonstrate that the applied sub-models, especially the kinet-
ics, are well-suited to assess the overlap between devolatilisation, char
conversion and homogeneous volatile combustion for the present work.

3. Computational configuration
3.1. Computational setup

The computational domain used in this study follows the configu-
ration from our previous work [47] and is schematically illustrated in
Fig. 1. It is a two-dimensional wedge with a 5 degree angle. The domain
extends L, = 100 - d, in the streamwise direction and L, = 33.5 - d,, in
the crosswise direction. The domain is large enough to avoid boundary
effects. The coal particle is positioned at the origin of the coordinate
system (x = y = 0) with an upstream region length of 33 - d, and a
downstream region length of 66 - d,. The particle interior is discretised
into 30 cells in the radial and 72 cells in the circumferential direction,
which results in a cell size of approx. 0.02 - d, within both the parti-
cle interior and the surrounding boundary layer. The smallest cells are

66dp

EEEEE
Vi

P gas/solid —_

Fig. 1. Schematic illustration (not to scale) of the computational domain.
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located at the particle surface to resolve the particle boundary layer.
The cell size increases progressively with distance from the particle. The
mesh is fixed and remains unchanged throughout the simulations. We
conducted a mesh independence study by considering four mesh reso-
lutions (0.03 - d,,0.02-d,0015-d,001-d,) for four particle diameters
(dp = 25,50, 100, 150 pm) at T = 1400K and Xo, = 0.21. We found that
the relative error in the peak gas temperature is below 5%, while the
relative error in the flame stand-off distance is below 10% when the
smallest mesh size is coarsened from 0.01 - d, to 0.02 - d,. Conversely,
refining the mesh from 0.02 - d,, to 0.01 - d,, increases the computational
cost by up to 213%.

A laminar flow at atmospheric pressure, constant temperature and
constant composition (0,-N,) enters the domain from the left, with the
same values applied as initial fields in the domain interior. The inlet
velocity is set to a small value of 5- 107*m/s to mimic quiescent flow
conditions. The initial temperature of the solid particle is set to 600K, to
reduce the computational cost associated with the early stage of particle
heating. In our preliminary studies, we found that reactions occurring
during particle heating between 300-600 K were negligible. Therefore
we omitted this initial heat-up phase from the present analysis.

A total of 45 simulations is conducted by varying three key param-
eters, namely the surrounding gas temperature (1000K, 1400K and
1800K), particle diameter (25 pm, 50 pum, 100 pm, 125 pm and 150 pm)
and oxygen concentration (5%, 21% and 70%). Cases with high oxygen
concentrations are included, as such conditions are typical for oxyfuel
combustion conditions. These parameters have been identified in the
literature as the most influential factors affecting coal particle conver-
sion [46,48,49]. It is also worth noting that increasing the inlet velocity
and thus the particle Reynolds number, can significantly influence heat
and mass transfer for particles larger than 100 um [39]. However,
these effects are ignored here due to the assumption of quiescent gas
conditions.

The simulations are performed using a validated finite volume
solver [33] based on OpenFOAM-v2012. The solver is coupled with
the OpenSMOKE + + library [50] to solve both the multi-step heteroge-
neous kinetics and homogeneous gas phase chemistry simultaneously.

3.2. Methodology and criterion for assessing process overlap

3.2.1. Methodology to identify process overlap

The methodology to identify the overlap of the devolatilisation and
char conversion processes is based on the rate of production analysis
(ROPA) of the multi-step heterogeneous kinetics of the solid fuel parti-
cle. The total devolatilisation rate is defined as the sum of the production
rates of all volatile species resulting from reactions classified as de-
volatilisation reactions in the multi-step solid kinetics. In the present
study, the numbering convention of the solid phase kinetics presented
in the supplementary data 2 of [33] is adopted. Therefore, a total of 34
reactions (reactions #1 to #33 and #38) are considered to characterise
devolatilisation

R = #1-#33,#38

(20)
k = kgey

Tigey = 9 ) @ gkMy  with
R k

with kg, indicating the devolatilisation species. The overall char con-
version process comprises of char annealing (reactions #34 to #36), char
oxidation (reactions #39 to #43) and char gasification (reaction #44
to #49). Simplified char conversion sub-models in the Euler-Lagrange
framework typically consider only the oxidation of C with oxygen to CO
or CO,. Accordingly, in the following discussion the term char conversion
is defined in terms of the 5 reactions of char species (k,,,) oxidation, as
shown in Table 3 and is calculated as

. . .. R=#39-#43
Titchar = 9, D @ kM with P (1)
R k = Rchar

with M, the molecular weight of species k.
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Table 3
Char oxidation reactions.

Nr. Reaction equation

#39  CHARH + 0.750, — 0.5H,0 + CO + CHAR
#40  CHAR + 0, — CO,

#41  CHAR + 0.50, > CO

#42  CHARG + O, — CO,

#43  CHARG + 0.50, - CO

3.2.2. Criterion to quantify process overlap

The overlap period is defined as the time when the two processes
of devolatilisation and char conversion occur simultaneously without a
significant difference (defined as one order of magnitude) between their
mass conversion rates as

Mdey

overlap : 0.1 £ —— <10 (22)

Mchar

with ry,, and rig,,, the sum of production mass rates of all volatile
species (Eq. 20) and char oxidation species (Eq. 21), respectively. Once
the overlap period is identified, it is more advantageous to establish
a physics-based criterion for initiating the char conversion sub-model
[29,51,52]. A helpful definition would be to know the start of the
overlap after a certain fraction of the available volatile mass has been
released. This approach is well established and commonly applied in
reduced-order models to activate an explicit char conversion sub-model.
Characterising the start of the overlap as time 7, and the total time re-
quired for complete volatile gas release with 74, the fraction of volatile
mass released at the start of the overlap is given as

1
_ Miey (f5) _ /0 tigey (f) (23)
oL = =
- Mgey(!dev) foldev ey (1)
with
tS:min{»o:o.lg'_"nglo}. 24)
Mchar

The definition in Eq. (23) will be used in the following to quantify the
overlap under various conditions.

4. Results and discussion
4.1. Particle conversion and homogeneous reactions (reference case)

This section discusses the particle conversion process with homo-
geneous gas phase ignition and combustion for a reference case with
d, = 50um, X, = 0.21 and T = 1400K. Fig. 2 shows the evolution of
the maximum gas phase temperature max(7,), along with the volume-
averaged temporal profiles of the particle temperature 7, and selected
species inside the particle. For convenience and ease of comparison with
later plots, the mass percentage of O, is plotted twice in Fig. 2, once
in olive to directly compare its evolution with T, and max(T,) at the
top, and once again in blue at the bottom, to directly compare it with
the light volatile gases and TAR. Fig. 3 illustrates the corresponding gas
phase OH mass fraction and gas temperature fields in the vicinity of the
coal particle.

At the initial stage, the colder coal particle is introduced into a hot
environment, see red vs. light blue line in Fig. 2 (top) at ¢+ = 0. At this
time, the particle consists only of reference coals COAL1 (hydrogen-rich,
black line), COAL2 (bituminous, dark-red line) and COAL3 (lignitic, pur-
ple line), as shown in Fig. 2 (centre). The particle composition remains
unchanged until r = 1 ms, as the particle temperature in Fig. 2 (top) is
not yet sufficiently high to initiate the conversion processes. Up to 1 ms,
the particle temperature rises sufficiently high to start the formation of
TAR compounds (green), see Fig. 2 (bottom), indicating the first stage of
the devolatilisation process. From 7 = 1.75 to 2.45 ms, COAL2 and COAL3
are quickly consumed, while the fraction of COAL1 and (reactive) CHAR
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Fig. 2. Temporal evolution of maximum gas phase temperature, volume-
averaged particle temperature and volume-averaged mass fractions in the
interior of the particle for the reference case. Top: Averaged particle temper-
ature, maximum gas temperature and O, mass percentage. Centre: Reference
coals and CHAR. Bottom: Volatile species CO, CO,, O,, CH, and TAR. CO, CO,,
0, and CH, represents the light gases and TAR the sum of all species in Table 1.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

increases. CHAR is referred to as a sum of CHAR, CHARH and CHARG.
Simultaneously, the light volatile species CO (red), CO, (yellow), CH,
(orange) and more TAR are produced within the particle through the
conversion of COAL2 and COAL3, as shown in Fig. 2 (bottom). The ac-
cumulation of these volatiles displaces O, from the particle interior. As
the process continues, the formation of volatiles in the particle interior
proceeds. These gaseous volatiles then follow Egs. (8) to (11) inside the
particle, eventually leading to their release to the particle exterior. This
release is visualised by the outward-pointing velocity vectors at the par-
ticle surface at + = 2.45ms in Fig. 3. However, at this stage the amount
of released volatiles and their mixing with the surrounding air is still
insufficient to initiate homogeneous gas phase ignition and volatile com-
bustion, as indicated by the near-zero OH concentration (dark-blue) and
the unchanged background gas temperature (black).

At ¢ = 3ms, COAL2 and COAL3 have been completely consumed, as
shown in Fig. 2 (centre), indicating that the first stage of devolatilisation
has been completed. At this time, COAL1 reaches its maximum concen-
tration, while the CHAR fraction shows a plateau. This completion is
further confirmed in Fig. 2 (bottom), where all volatile species show
a local minimum in their concentration profiles. Due to the decrease
in volatile production, O, from the surrounding environment starts to
re-enter the particle. However, the internal O, concentration does not
surpass 20 mass-% due to the continued, moderate release of TAR and
CO from the remaining COAL1. The disappearance of outward-pointing
velocity vectors at the particle surface in Fig. 3 at + = 3ms further
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Fig. 3. Snapshots of the OH mass fraction (top half) and gas temperature field
(lower half) in the vicinity of the coal particle surface at selected times for the
case with d, = 50 um, X, = 0.21 and 7' = 1400K. Velocity vectors at the particle
surface are scaled by their magnitude. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

confirms the end of the first devolatilisation stage. However, the volatiles
released during this stage do not immediately initiate homogeneous gas
phase ignition and combustion, as shown in Fig. 2 (top, light-blue) since
some time is required for mixing and reaching the lower flammability
limit with the surrounding oxygen. The maximum gas phase temperature
reveals a two-stage ignition process. The first ignition stage is charac-
terised by a small temperature rise associated with low temperature
reactions, followed by a second stage marked by a steeper temperature
increase, during which high-temperature chemical pathways become
dominant.

From 7 = 3ms onwards, the second stage of devolatilisation begins,
as indicated by the consumption of COAL1 and the further formation of
CHAR in Fig. 2 (centre). This stage is characterised by the repeated re-
lease of light volatile species and substantial amounts of TAR, together
with the displacement and consumption of O, within the particle, as
can be observed in Fig. 2 (bottom). The second devolatilisation stage
continues until approximately + = 7ms, as indicated by the decrease
of TAR to zero at this point. Notably, at + = 4ms, the profile of TAR
shows a local minimum before rising again. The reason for this be-
haviour can be explained by Fig. 3 at + = 4ms. In the previous time
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period between ¢+ = 3 and 4ms, a sufficient volatile mass has been
released into the environment and mixed with O,, which leads to the
start of homogeneous gas phase ignition and combustion, indicated by
the sharp increase in maximum gas phase temperature in Fig. 2 (top).
Now at t = 4ms, outward-pointing velocity vectors at the particle sur-
face indicate the continued release of volatiles. A high OH concentration
(red region) can be identified, surrounding the particle and indicating
the presence of a highly reactive zone. The corresponding temperature
field shows a significant increase in gas phase temperature (yellow—
white regions) within this zone, confirming the development of a flame
enveloping the particle. Heat released from the flame between ¢ = 3.5
and 6 ms in Fig. 2 (top) accelerates particle heating and promotes further
volatile release, as reflected by the increase in TAR after 1 = 4 ms in Fig. 2
(centre). Conversely, the homogeneous gas phase reactions also lead to
oxygen consumption in the vicinity of the particle, reducing its avail-
ability for the char conversion process, as shown by the oxygen profiles
dropping to nearly zero at + = 3.9ms in Fig. 2 (bottom). Additionally,
between ¢ = 3 and 3.5 ms, the particle temperature profile in Fig. 2 (top)
shows a steeper slope, in the absence of heat released from the flame.
This behaviour can be attributed to the heat generated by char conver-
sion. During this period, both oxygen and (reactive) CHAR are present
within the particle, leading to char conversion, as evidenced by the de-
crease in oxygen and the corresponding increase in CO and CO, shown
in Fig. 2 (bottom).

Between ¢ = 5 and 7ms, the solid composition of the particle con-
sists mainly of CHAR, as shown in Fig. 2 (centre). During this period,
no additional volatiles are produced in the particle interior, but instead,
the present volatile species within the particle are gradually released
into the gas phase, as indicated by the decline in CH, and TAR profiles
in Fig. 2 (bottom). At the same time, some heavy TAR compounds de-
compose into smaller species, as observed by the increase in CO and
CO, concentrations. The overall decrease in volatile content is further
evidenced by the rise in the O, profile within the particle.

From ¢ = 7ms onwards, a slight decrease in CHAR and O, and simul-
taneously a gradual increase in particle temperature, CO and CO, can be
observed in Fig. 2. The concurrent evolution of these species indicates
that the char conversion process is proceeding at this stage. In Fig. 3 at
t = 9 ms, both the OH concentration and gas phase temperature decrease
toward near-zero and ambient levels, respectively, showing the absence
of volatile species and flame extinction in the gas phase. However, small
outward-pointing velocity vectors remain visible around the particle, in-
dicating the continued release of gaseous products, i.e., CO and CO,,
from char conversion. A slightly elevated gas temperature in the vicin-
ity of the particle further confirms this observation, which is due to the
heat release by char oxidation and the subsequent heat transfer to the
surrounding gas phase. The char conversion process continues until all
remaining carbon is fully oxidised (CHAR — 0 for t — oo in Fig. 2 (cen-
tre)), leaving only the residual ash particle (not shown). However, this
process takes too long for the present BLRS approach such that the end
of char conversion cannot be computed.

Overall, Figs. 2 and 3 show that the particle undergoes devolatil-
isation and char conversion during the overall conversion process.
However, these plots do not clearly indicate any exact ending of de-
volatilisation or start of the char conversion phase. Since (reactive)
CHAR formation within the particle begins at approximately = 1.5ms,
it is possible that char conversion can start from this time. For a better
quantification of the start of the char conversion process and potential
overlap with devolatilisation, we applied the methodology presented
in Section 3.2, resulting in Fig. 4. The third devolatilisation stage is
associated with metaplast reactions as will be discussed next.

Fig. 4 illustrates the total devolatilisation rate (blue) and char con-
version rate (orange) as a function of time for the reference case. The
vertical dashed line at + = 3ms indicates the end of the first and the
beginning of the second stage of devolatilisation, while the line at t =
7ms denotes the end of the second and the start of the third stage of
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indicate the time period of first, second and third stage of devolatilisation, re-
spectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

devolatilisation. Devolatilisation begins with a low rate at r = 0 ms and
rises to a local maximum rate at r = 2.45ms, marking the first stage
of devolatilisation (grey arrow). After this stage is completed, the rate
decreases to a local minimum at 1 = 3 ms, before rising again to an-
other local maximum at + = 4ms, indicating the start of the second
devolatilisation stage (brown arrow). The second stage concludes at ap-
proximately ¢ = 7ms at a value of 3875kg/(m?s), until which the rate
significantly decreases. For ¢ > 7ms, the devolatilisation rate gradually
increases to a local maximum at t = 11 ms with a value of 6360 kg/(m3 s)
before slowly decreasing to a value of 2400 kg/(m3 s) as t — 20ms. The
slight increase after the second devolatilisation stage is caused by the
slow conversion of metaplast species (CH,*, CH,*, CO,*, HO,", H,* and
CO*) involved in reactions #25-#33. The total rate of the metaplast con-
version reactions is shown in Fig. 4 (grey, dashed line) and illustrates
that during the third devolatilisation stage, for ¢+ > 7ms the devolatili-
sation rate is solely composed of the metaplast reactions. Based on this
observation, the third stage of devolatilisation (light-blue arrow) is con-
sistently associated with the dominance of metaplast reactions in the
following analysis.

The char conversion rate at t = 0 ms starts at zero (not shown), due to
the absence of (reactive) CHAR at the initial stage. As time progresses,
more CHAR is produced (see Fig. 2 (centre)) that can react with O, in
the particle interior, leading to a gradual increase in the char conversion
rate. Between ¢ = 3 and 4 ms, small wiggles in the char conversion rate
can be observed. This behaviour has two contributing factors. Firstly,
it results from the transition between the first and second devolatilisa-
tion stages, during which O, re-enters the particle (see Fig. 2 (bottom)).
With both (reactive) CHAR and O, present within the particle, the char
conversion rate rises. However, the release of volatiles during the sec-
ond devolatilisation stage displaces O,, causing the observed wiggles.
Secondly, as previously noted for Figs. 2 and 3, the profile of char
conversion rate is further influenced by oxygen consumption from ho-
mogeneous gas phase reactions, which reduces the oxygen available for
char conversion.

By applying the criterion for quantifying the overlap between de-
volatilisation and char conversion, as presented in Section 3.2.2, using
Eq. (22), the overlap region of the reference case is identified to start
at + = 5.5ms and to end at r = 17.9 ms. During this interval, both pro-
cesses occur simultaneously and are of the same order of magnitude.
Additionally, Eq. (23) yields the fraction of volatile mass released at the
start of the overlap for the reference case as

YoLrer = 83:49% .
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The value indicates that char conversion process starts once 83.49% of
the initially contained volatiles has been released. The limits applied in
reduced-order models [29,51,52] are in agreement with our findings.

To quantify the error introduced by neglecting the overlap between
devolatilisation and char conversion, we compared the devolatilisation
release rates for different particle diameters at 7 = 1400K and X,, =
0.21. Neglecting the overlap by switching off char conversion delays the
third stage for small particles (d, < 100 pm), but can shift it to earlier
times for larger particles (d, > 100 um), which contain more volatiles
and allow continuous volatile release, enhanced gas phase reactions and
further promotion of devolatilisation (see also Section 4.4). We quan-
tified the error by evaluating the shift of the end of the second stage
devolatilisation, which amounts to approx. +15% for d, = 25 um and
—5% for d, = 150 pm.

Further analyses of the variation in the oxygen concentration, am-
bient temperature and particle diameter are presented in the following
subsections.

4.2. Variation of oxygen concentration

Fig. 5 shows the same quantities as before in Figs. 2 and 4 (top)
for different oxygen concentrations, i.e. X, 0, = {0.05,0.70}, at a particle
diameter of d, = 50 ym and an ambient temperature of T = 1400K.

A consistent trend can be observed by comparing Fig. 4 (X, = 0.21)
and Fig. 5. With increasing oxygen concentration, the beginning of the
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Fig. 5. Temporal evolution of the maximum gas phase temperature (light-
blue), volume-averaged particle temperature (red), volume-averaged oxygen
mass fraction (olive), total devolatilisation rate (blue), char conversion rate (or-
ange) and total rates of metaplast species (grey, dashed line) for the case with
d, =50pm, T = 1400K and different oxygen concentrations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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overlap shifts to earlier times and the duration of the overlap region
becomes considerably shorter. This behaviour is primarily controlled
by the second stage of devolatilisation (brown arrow). At low oxygen
concentration (X, = 0.05), the second stage lasts approximately 11 ms,
whereas at high oxygen concentration (X, = 0.70) it is reduced to about
2.5ms. The difference in these time scales arises from the start of homo-
geneous gas phase reactions, shown by the strong increase of max(T,)
and decrease in oxygen concentration for X,, = 70%. As mentioned
earlier, the heat released from these reactions increases the particle
temperature, thereby promoting further volatile release. Higher oxygen
concentrations make such homogeneous reactions more likely and cause
them to start earlier. Additional evidence supporting this behaviour is
found in the first stage of devolatilisation (grey arrow). For both cases
shown in Fig. 5, the first devolatilisation stage is independent of oxygen
concentration. It ends at + = 3ms in both cases, as the initial heating
conditions are the same.

Another difference can be observed in the third devolatilisation
stage, during which the remaining metaplast species are converted. For
the case with X, = 0.05, the release is very slow and stabilises at a rate
of approximately 1-10% kg/(m? s). In the case of X, , = 0.70, the devolatil-
isation rate is dominated by the release of metaplast species between
t = 4.5 and 5.5 ms. During this period, an overlap between second and
third stages of devolatilisation is found. After the second devolatilisation
stage, only metaplast species continue to be converted, indicated by a
slow decline over time. This behaviour can once again be attributed to
particle temperature, as higher temperatures accelerate the conversion
of metaplast species.

Furthermore, the faster completion of the second devolatilisation
stage at X, = 0.7 results in an earlier beginning of the char conversion
phase. Consequently, the fraction to start the overlap (Yy;) decreases
from 92.41 to 72.99% with increasing oxygen concentration due to the
steeper and more rapid progression of devolatilisation, which in turn
leads to an earlier and more pronounced start of char conversion.

4.3. Variation of ambient gas temperature

Fig. 6 compares the same quantities as in the previous sections, now
for d, =50pm, X5, =0.21 and T = {1000K, 1800 K}.

A similar trend, including Fig. 4 at T = 1400K, is observed for varia-
tions in ambient temperature, analogous to the effect of changing oxygen
concentration. Increasing the ambient temperature shifts the beginning
of the overlap from ¢ = 12.1ms for T = 1000K to r = 3.7ms for T =
1800 K. At the same time, the overlap region becomes shorter with higher
ambient temperatures. This behaviour is due to the strong temperature
dependence of the devolatilisation and char conversion processes. At
lower ambient temperatures, as shown in Fig. 6 (top), particle heat-
ing is much slower, resulting in slower internal conversion of COALI,
COAL2, and COAL3 and consequently slower release of volatile species.
The first (grey arrow) and second (brown arrow) stages of devolatilisa-
tion are therefore more pronounced and extended, with the first stage
lasting approx. ¢+ = 7.2 ms and the second stage around ¢ = 12.8 ms and
longer. Due to the low temperature, the third stage of devolatilisation
proceeds very slowly and is not visible within the observed time period
up to ¢t = 20ms.

Increasing the ambient temperature compresses these stages into a
shorter time period, see Fig. 6 (bottom). At T = 1800 K, the stages of de-
volatilisation are completed by + = 1.9ms and ¢ = 8.05ms, respectively,
indicating that an 80% increase in ambient temperature reduces the time
for the first and second stages of devolatilisation by 60%. Moreover,
the conversion of metaplast species is significantly enhanced at higher
temperatures, leading to the third stage of devolatilisation overlapping
with the second stage from 7 = 4.5 to 8ms and continuing until the
end of the observed time period. The conversion rates of metaplast
species to light gases proceed very fast, as the rate constants, while in-
herently slow, are greatly accelerated by the exponential dependence on
temperature.
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Fig. 6. Temporal evolution of maximum gas phase temperature (light-blue),
volume-averaged particle temperature (red), volume-averaged oxygen mass
fraction (olive), total devolatilisation rate (blue), char conversion rate (orange)
and total rates of metaplast species (grey, dashed line) for the case with d, =
50 um, X, = 0.21 and various ambient temperatures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Similar to the previous observations for cases with varying oxygen
concentration, homogeneous gas phase reactions occur at the beginning
of the second devolatilisation stage, resulting in a stronger increase in
particle temperature and a reduction of the oxygen concentration to
near-zero. For the T = 1800K case, the overlap between the second and
third stages is more pronounced, resulting in a further change in the
slope of the particle temperature profile until the slow third stage be-
comes dominant, which allows the oxygen to slowly re-enter the particle.
The re-entry of oxygen also occurs for the 7= 1000K case.

4.4. Variation of particle diameter

Fig. 7 compares the same quantities as in the previous sections, here,
d, = {25 um, 100 um, 150 um}, at an ambient temperature of 7 = 1400K
and an ambient oxygen concentration of Xq, = 0.21.

Increasing the particle diameter while keeping all other parameters
constant primarily affects the particle heating rate and consequently,
the particle temperature. As a result, for larger d,, the start of the pro-
cess overlap (yellow background) shifts toward later times, while the
overlap region simultaneously becomes wider. The coupled effects (as
previously observed) of the first, second and third stages of devolatil-
isation with oxygen concentration and particle temperature can also
be observed in this case. The maximum particle temperature differs
among the three cases due to variations in particle mass and conse-
quently, the amount of volatile gases released. Larger particles contain
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Fig. 7. Temporal evolution of maximum gas phase temperature (light-blue),
volume-averaged particle temperature (red), volume-averaged oxygen mass
fraction (olive), total devolatilisation rate (blue), char conversion rate (orange)
and total rates of metaplast species (grey, dashed line) for the case with d, =
{25,100,150} pm at X, = 0.21 and T' = 1400 K. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

more embedded volatiles, leading to prolonged gas phase combustion
and therefore, higher particle temperatures.

An additional observation is the more pronounced overlap between
the second and third devolatilisation stages with increasing particle di-
ameter, due to the higher final temperature reached. Moreover, a local
maximum in the char conversion rate is observed at the transition be-
tween the first and second devolatilisation stages for d, > 100um.
Due to the larger particle diameter and the slower transition caused
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by a reduced heating rate, oxygen can re-enter the particle, thereby
enhancing the char conversion rate.

4.5. Fraction of volatile mass released Yo,

The fractions of volatile mass released at the start of the overlap
for all investigated cases are summarised in Table 4. The results re-
veal a clear trend that increasing the ambient temperature, oxygen
concentration and/or particle diameter leads to a lower Yg; .

However, two outliers can be identified for particle sizes of d, = 125
and 150 pm under the conditions of T = 1000K and X, = 0.21 (high-
lighted in blue in Table 4). Under these specific conditions, the relatively
large particle diameter and low gas phase temperature result in a low
heating rate, causing the particle to heat up slowly. This gradual heat-
ing leads to a slow and continuous release of volatile gases, as previously
discussed in Section 4.4. Moreover, under these conditions, the oxygen
concentration remains sufficient due to the lower devolatisation rate and
consequently less displacement of oxygen within the particle, which al-
lows the char conversion process to proceed. The combination of a slow
volatile release and the concurrent potential for char conversion in the
presence of oxygen, leads to competing rates between devolatilisation
and char conversion, and therefore earlier start of the overlap or lower
value of Yy .

Varying the oxygen concentration in either direction results in a
smaller overlap region. A lower oxygen concentration suppresses the
char conversion process, leading to a reduced overlap. Conversely, in-
creasing the oxygen concentration enhances the char conversion rate
but also raises the particle temperature, which accelerates the re-
lease of volatile species. Consequently, for this case, the relationship
Yo1.0,=070 > YoL0,=021 Put Yo 0,070 < Yor0,=005 arises due to the
influence of char conversion.

Increasing or decreasing the oxygen concentration or ambient tem-
perature shifts the balance toward conditions more favourable for
devolatilisation.

To summarise the results in Table 4, for small particle sizes (dp <
100 um) under low-oxygen (and partially air) conditions and mostly
independent of temperature, it can be assumed with reasonable accu-
racy that the devolatilisation and char conversion processes are nearly

Table 4

Overlap fraction Y, in % for various particle diame-
ters d, at different ambient temperatures 7' and oxygen
concentrations X, .

d, =25um T = 1000K T = 1400K T = 1800K
Xo, =0.05 98.49 94.72 89.13
Xo, =0.21 97.26 90.69 84.02
Xo, =070 92.88 81.78 75.33
d, =50 um T = 1000K T = 1400K T = 1800K
Xo, =0.05 97.68 92.41 84.53
Xo, =0.21 94.29 83.49 76.81
Xo, =0.70 75.97 72.99 65.82
d, =100 um T = 1000K T = 1400K T =1800K
Xo, =0.05 95.18 85.34 84.49
Xo, =021 82.15 76.01 75.95
Xo, =0.70 74.25 66.43 62.97
d, =125pm T = 1000K T = 1400K T = 1800K
Xo, =0.05 89.66 82.58 82.38
Xo, =021 60.85 75.29 73.78
Xo, =070 66.78 64.43 59.71
d, =150 pm T = 1000K T = 1400K T = 1800K
Xo, =0.05 84.71 82.02 81.75
Xo, =021 57.71 75.05 73.04
Xo, =070 66.56 64.12 59.29
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separated. Thus, the conventional assumption used in reduced-order
models [29,51,52] that char conversion begins once 90% of the volatile
content has been released remains valid. However, for larger particle di-
ameters and under oxyfuel conditions with strong O, enrichment, char
conversion begins significantly earlier, typically when only 60-75% of
the volatile content has been released. In the following section, a regres-
sion model is developed to account for this variability, which can be
applied in reduced-order models.

4.6. Linear regression

Table 4 presents the overlap fraction Y, for various ambient con-
ditions of temperature T = {1000K, 1400K, 1800K}, oxygen con-
centration XO2 = {0.05, 0.21, 0.70} and particle sizes d, = {25um,
50 um, 100 um, 125 pm, 150 pum }. However, a direct application of the
tabulated data in reduced-order models is impractical, therefore, a lin-
ear regression of the table has been performed to provide a simplified
implementable correlation for such models.

For a base particle size of d, = 100 um, a linear regression model for
Yo, in the form of

T
Yord,=100pm = & + ﬁ; +7Xo, (25)

p
has been applied to find the regression coefficients «, § and y with T, =
600 K. Subsequently, to couple the information of different particle sizes
an average absolute deviation (A A D) approach between each dataset is
applied with d, = 100 um as the base set as

n
1
AAD, (%) = - > 1%d,=100 pm,i = Xd.il- (26)
=1

Afterwards, a differentiation between smaller and larger particle sizes
needs to be performed as

AAD, (%) —— +1.0 for d,<100pm
AADd :{ dp( ) 100% | 14 B (27)
p 1.0 — AADdP(%)~ T00% for d,>100pm
Now, the AAD, for each d, is fitted in the form as
b
=a-(—2_Y. 28)
100 pm

with a and b the regression coefficients of Eq. (28). The final regression
equation to reproduce Table 4 is the combination of Egs. (25) and (28)
as

~0.095
> . (29

To prevent non-physical values of Yy;, the value should be bounded
between 0 and 100% with

T 14
Y, =(103.78 = 7.043— — 28.94X,_ ) - 0.979
OLreg. < T, °2> < 100 um

YoLbound = MIN(MAX(Yo reg.» 0), 100). (30)

5. Conclusions

In the present study, the overlap between the devolatilisation and
char conversion processes undergone by a single coal particle has been
investigated using a boundary resolved simulation approach coupled
with detailed homogeneous and heterogeneous reaction kinetics. The
analysis was conducted under varying gas phase (oxygen concentration
and temperature) and solid phase (particle diameter) conditions. The
overlap is defined as the time period during which the mass conver-
sion rates of both processes differ by less than one order of magnitude.
Moreover, the start of the overlap is expressed as the fraction of volatile
mass released, denoted as Yq;.
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We found that the proposed criterion successfully captures the tem-
poral overlap (reflected in the varying start times and durations of
the sub-processes) while responding appropriately to changes in the
initial conditions. The results show a clear trend that increasing the
ambient temperature, oxygen concentration, and/or particle diameter
leads to a smaller Yy;. A lower Yy corresponds to earlier start of the
overlap between the devolatilisation and char conversion processes, in-
dicating that once this fraction is reached, the char conversion rate
becomes comparable in magnitude to the devolatilisation rate. In this
regime, both processes interact strongly and their coupling must not be
neglected.

Based on the results, a linear regression for Yy; was derived as a
function of the surrounding gas temperature, oxygen concentration and
particle diameter. This correlation can be incorporated into reduced-
order models to determine the appropriate activation time for the char
conversion sub-model, e.g. when Y, is reached. We note that parti-
cle conversion is modelled under quiescent conditions, with several
particle properties assumed to be constant, while particle shrinkage
and ash layer effects are neglected. Relaxing these assumptions may
change the particle heat and mass transfer, porosity, tortuosity and ef-
fective pore diffusion, which can potentially lead to different particle
conversion behaviour. Addressing and quantifying these effects is be-
yond the scope of the present study, but should be considered in future
research.
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