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ARTICLE INFO ABSTRACT

Dataset link: 10.18154/RWTH-2024-07124 The present study evaluates the impact of the gas and particle radiation on flame characteristics of a pulverised
solid fuel using Reynolds-averaged Navier—Stokes (RANS) equations. As a reference, a pilot-scale combustor
with a 60 kWy, flame is used. The burner is fed with pulverised (10-180 pm) Rhenish lignite particles under
oxyfuel conditions (25/75 vol% O,/CO,). CFD simulations are carried out using Ansys Fluent equipped with
user-defined functions (UDFs), e.g., for gas and particle radiative properties and kinetic models (devolatilisation
and char conversion) adapted for oxyfuel conditions. Particular focus is placed on evaluating detailed modelling
of the particle radiative properties, which are determined with the aid of Mie theory and taken into account
in the simulations via UDFs as tabulated data. For this purpose, simulation results for the reference case
with constant particle radiative properties (a common assumption in the relevant literature) are compared
to those obtained with burnout-dependent particle radiative properties (determined using the Mie theory —
Mie case) as well as to those obtained considering the effect of cellwise non-uniform distributed particles on
the burnout-dependent particle radiative properties (within the framework of a recently proposed weighted-
scaling approach — WSA case). Simulation results show that the role of particle radiation is more pronounced
in the near-burner region, such that comparisons of the predicted temperatures in different models signify
high local temperature differences. The importance of particle radiation reduces with the axial distance from
the burner until the differences in the predicted temperatures in all three cases become negligible. In the
near-burner region, predictions of the reference case on the particle radiative fluxes are much smaller than
those of the Mie and WSA case. These differences lead to high local temperature differences, especially where
strong temperature gradients exist.
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1. Introduction turbulence-chemistry interaction, gas radiation, and particle-radiation

interaction [2]. An important aspect to be considered in numerical

Combustion of solid fuels is still responsible for a significant share
of anthropogenic CO, emissions [1]. Additional capture and geological
storage of CO, (CCS) can contribute to a considerable reduction of
CO, emissions. One promising way to facilitate CCS is combustion in
an oxyfuel atmosphere (mixture of O,/CO,) instead of air. However,
efficient combustion of solid fuels under oxyfuel conditions requires a
thorough characterisation of the combustion process. Due to the com-
plex and highly non-linear nature of phenomena occurring during the
combustion of solid fuels, a combination of experimental and numerical
methods is necessary to fully characterise oxyfuel flames.

The subprocesses involved in the combustion of pulverised solid
fuels can be clustered into the following categories: chemical reactions,
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simulations is that these subprocesses are strongly influenced by the
high CO, concentrations in an oxyfuel atmosphere in comparison to air
characterised by high N, concentrations. This necessitates a compre-
hensive re-evaluation of the existing modelling approaches that have
been developed over the last decades for solid fuel combustion in air
atmospheres.

One of the important aspects in this regard is the reaction kinetics
of the solid phase that significantly influences the flame shape. Using a
new seamless model (CRECK-S) [3,4] for the description of the entire
conversion process together with a flamelet-based description of the
gas phase, Nicolai [5] and Nicolai et al. [6,7] showed that if the kinetic
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parameters of the reaction of the solid phase are accurately determined
for the simple models, e.g., the single first-order reaction (SFOR) model
proposed by Badzioch and Hawksley [8] for devolatilisation and the
Baum and Street model [9,10] for char conversion, important charac-
teristics of the flame such as temperatures and conversion rates can be
correctly reflected. Hence, in this study, the SFOR and the Baum and
Street model for char conversion are adopted for oxyfuel conditions and
applied as user-defined functions in the simulations.

Another important modelling aspect concerns gas and particle ra-
diation. Gas radiative property models in oxyfuel atmospheres have
been extensively studied in the related literature [11,12]. In general,
the most accurate gas radiative property models are — in order of
decreasing complexity — the line-by-line, statistical narrow band, wide
band, and global models [13]. Among others, global models, such as
the weighted-sum-of-grey-gases (WSGG) model [14], directly calculate
the total radiative fluxes — the quantity of interest in the simulation of
combustion chambers - using spectrally integrated radiative properties
and are thus widely used for simulation purposes.

In contrast to gas radiation, only a few studies have taken into
account detailed modelling of particle radiation in simulations of pul-
verised solid fuels. Some studies, e.g., Nikolopoulos et al. [15], have
neglected the impact of particle radiation and the majority of relevant
studies relied on the empirical constant of particle emissivity of e, =
0.7-0.9 and a constant particle scattering factor fp =0.60r0.9 [16-18].
However, evidence on the variation of the complex index of refraction
due to unburnt char and also the sudden decrease in the absorption
efficiency near burnout [19-21] signifies the possible important influ-
ence of particle radiative properties on flame characteristics. In this
regard, linearly varying conversion-dependent particle radiative prop-
erties, including the degree of conversion, were considered in the CFD
simulation of pulverised coal combustion [22,23]. The linear variation
was used to mimic the effect of fly ash (strongly scattering) and char
particles (strongly absorbing) on the particle radiative properties. A
more accurate approach than a linear variation was developed by Guo
et al. [24] based on the concept of a weighted sum of four grey particles
and a spectrum k-distribution, which can be combined with a non-grey
WSGG model without increasing computational complexity.

Concerning the assessment of radiation modelling in swirling flames
under oxyfuel conditions, a 2D numerical study by Guo et al. [25] on
the IFRF’s swirling oxyfuel flame of pulverised coal revealed that both
gas and particle radiation affect flame temperature and shape. In addi-
tion, neglecting radiation led to an increase in the flame temperature
up to 300 K. However, assessment of the level of detail in radiation
modelling of the particle phase and using 3D simulation of swirling
pulverised solid fuel flames does not exist in the related literature to
the best of authors knowledge.

To evaluate the needed level of detail in radiation modelling, a
3D RANS simulation tool developed in Ansys Fluent [26,27] is used
in this study. The numerical tool is equipped with user-defined func-
tions (UDFs) adapting (1) the kinetic models (devolatilisation and char
conversion) for oxyfuel conditions, (2) the gas radiative properties
model by implementing a modified WSGGM suitable for oxyfuel com-
bustion proposed by Bordbar et al. [11], and (3) inclusion of burnout-
dependent particle radiative properties for the calculation of absorption
and scattering coefficients. In this regard, the sensitivity of the simu-
lation results on the particle radiative properties under oxyfuel con-
ditions is studied. In addition, a recently developed weighted-scaling
approach [28] is considered, which accounts for the cellwise non-
uniform particle distribution effects on the burnout-dependent particle
radiative properties.

In the following, the experimental reference case used for the evalu-
ation of radiation modelling is introduced in Section 2, followed by the
description of the numerical approach (Section 3) and the calculation
method for determining particle radiative properties using Mie theory
in Section 4.
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Fig. 1. (left) Burner head with primary and secondary inlets; and (right) cross-sectional
view of the inlets supplemented by the dimensions of the burner and combustion
chamber. The primary inlet is an annular tube. The secondary inlet consists of 3 straight
and 3 tilted inlets followed by a small mixing chamber. The inlets are discharged into
this mixing chamber, after which the mixed secondary flow enters the chamber through
the diffuser. The exemplary axial levels specified by d below the dump plane are the
levels for which measurement data on axial and tangential particle velocity components
are available. Other measurement levels are 4.0d = 256mm, 5.0d = 320mm, and
6.0d = 384 mm. For particle temperature, the measurement levels are 100 mm = 1.5625d,
200 mm = 3.125d, and 300 mm = 4.6875d. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

2. Reference case

The 60 kWy, oxyfuel flame called Oxy25, i.e., under oxyfuel con-
ditions of 25 vol% O, and 75 vol% CO,, has been chosen from the
investigated flames by Zabrodiec et al. [29]. The schematic view of the
burner and combustion chamber is presented in Fig. 1.

The burner has two inlets: (1) a primary inlet consisting of an
annular tube carrying the pulverised solid fuel particles through the
oxidiser, and (2) a secondary inlet consisting of 3 straight and 3 inclined
channels, both carrying oxidant and mix in a small mixing chamber.
The volume flow rates of the straight and inclined channels control
the strength of the swirling flow. A third and a fourth annular orifice
— called the tertiary inlet and staging stream, respectively — provide
additional oxidiser to the chamber. The axial traversability of the
burner enables an investigation of almost the entire flame by measuring
at different distances below the dump plane (diffuser outlet). Three
observation ports at a fixed level permit optical access and probe-based
measurements.

The fuel is Rhenish lignite with proximate, ultimate and particle
size analysis given by Zabrodiec et al. [29] and presented in Table 1.
The operating conditions for the Oxy25 flame are provided in Table 2.
The chamber wall was heated electrically and constantly to ~ 900 °C
during the experiments to have a defined boundary condition for
characterising the flame [29].

3. Numerical approach

Numerical simulation of the reference case is carried out using
Ansys Fluent 17.1. Continuous and discrete phases are solved in a
coupled manner under the boundary and operating conditions given
in Table 2. The coupled scheme (pressure-based coupled solver) for
velocity-pressure is used with a pseudo-transient solution strategy,
which adds an unsteady term to the steady equations to improve stabil-
ity and convergence. Additional transport equations for species and the
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Table 1
Physical and chemical properties of Rhenish lignite (RBK) according to ultimate,
proximate, and microscopic particle size analysis given by Zabrodiec et al. [29].

Component RBK
C [wt%] daf® 69.05
H [wt%] daf°® 4.83
N [wt%] daf® 0.69
S [wt%] daf® 0.30
o? [wt%] daf® 25.13
Ash [wt%] ar® 5.44
Water [wt%] ar® 12.15
Volatiles [wt%] ar® 42.42
Char? [wt%] ar® 39.99
Higher heating value [MIJ/kg] ar 22.153
dp10 [um] 5.61
dyso [um] 29.67
dy00 [pm] 132.62

2 From difference.

b Reference state: dry, ash-free.

¢ ar: as received.

Table 2

Operating conditions of the Oxy25 flame taken from Zabrodiec et al. [29].
Primary inlet
Coal mass flow rate [kg/h] 9.8
Volume flow rate? [m?/h] 9.4
0,/CO, fraction [vol %]/[vol %] 20.2/79.8
Temperature [°C] 25
Secondary inlet
Volume flow rate? [m?/h] 23.8
0,/CO, fraction [vol %]/[vol %] 25/75
Temperature [°C] 40
Swirl number [-1 0.95°
Tertiary inlet
Volume flow rate? [m?/h] 4.2
0,/CO, fraction [vol %]/[vol %] 25/75
Temperature [°C] 25
Staging stream
Volume flow rate? [m?/h] 22.2
0,/CO, fraction [vol %]/[vol %] 25/75
Temperature [°C] 900

a STP: standard temperature 0°C and pressure 1.013 bar.
b Estimated using the geometrical parameters of the burner [30].

energy conservation equation are solved [31,32]. Below, the numerical
modelling is first described, before Section 4 explicitly focuses on the
radiation modelling.

3.1. Continuous-phase modelling

For the continuous phase, appropriate turbulence, reaction kinet-
ics, and turbulence-chemistry interaction modelling are of significant
importance in obtaining the characteristics of the flame. A detailed
overview of the governing equations needed to be solved here is given
in Askarizadeh et al. [32].

3.1.1. Turbulence

The realisable variant of the k-¢ model family was chosen to simu-
late the swirling turbulent flow in the combustion chamber. The reason
for choosing this model was an extensive preliminary study carried
out using realisable and renormalisation group (RNG) k-¢ models as
well as the Reynolds stress model (RSM), indicating the suitability of
a realisable model. Note, for RANS simulations of turbulent swirling
flows, only these three models should be used, since the nature of
swirling flows has only been considered in these models [31]. The RSM
is also suitable, however, it is recommended for highly swirling flows.
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3.1.2. Continuous-phase chemistry

A reaction mechanism in the gas phase composed of a system of two
main reactions is considered, whereby the volatile gases are modelled
as a single postulated substance [33,34]:

C,H,ON,,S, +0.8820, —
0.99CO + 1.39 H,0 + 0.0143 N, + 0.0054 SO,
with A =2.119-10"s7! and E, = 2.027 - 10° J/mol
and
CO+0.50, — CO,
with A =2.239-10"2s7! and E, = 1.7 10° J/mol.

The coal calculator embedded in Fluent was used to determine the
volatile composition as Co 997,006, NopasrSocnss© 1€ Tate coefficients
are also given by the coal calculator [31].

The gas mixture properties are calculated using the ideal gas mixing
law embedded in Fluent. For each gas species (Y;) participating in the
chemical reactions, viscosity and thermal conductivity are considered
as fourth-order temperature-dependent polynomials available in the
Fluent database. A transport equation is solved for each species in the
gas mixture and the solution of these equations needs a closure for
the chemical source terms. This is treated by the turbulence-chemistry
interaction modelling.

3.1.3. Turbulence-chemistry interaction

The turbulence-chemistry interaction is modelled using the eddy
dissipation concept (EDC) that takes into account chemical mechanisms
in turbulent flows, assuming the occurrence of species reactions in the
fine structures of turbulence [31,35].

3.2. Particle-phase modelling

3.2.1. Particle dynamics

Combusting particles are assumed spherical and are tracked in the
chamber using a Lagrangian reference frame [31]. The momentum
balance is used to calculate particle trajectories. Since the particle
volume fraction is high in the near burner region (specified in a
prior study [36]), a two-way coupling approach is applied to take
into account turbulence modulation of the continuous phase caused
by the discrete phase according to Al Taweel and Landau [37]. In
addition, drag, gravitational, and thermophoretic forces are taken into
account according to previous studies [32,38,39] as being important to
determine the movement of particles in the chamber.

The momentum balance of the particle is integrated over a length
scale / = 5- 10~ m and for a maximum number of steps Dgeps = 5 ° 104,
The stochastic tracking is carried out using the discrete random walk
model to account for the effect of turbulent velocity fluctuations on the
particle trajectories. The number of 50 tries was determined by keeping
the time scale constant of the model equal to 0.15 [31] and repeating
the simulations by increasing the number of tries until no significant
changes were observed in the simulation results [40].

3.2.2. Particle heat transfer

For the calculation of heat transfer from/to a particle during the
combustion process in the chamber, the following energy balance is
solved:

ar, dm, .
Myey—t = hAy (Teg = Ty) = fy— Hrcae + 6y Aper (62 =T (1a)

1

Gl
b=()" )

4
G :/ 1,dQ, (1c)
0

In Egs. (1a), m, indicates the particle mass, ¢, specific heat capacity,
T, particle temperature, ¢ time, h convective heat transfer coefficient,
A, particle surface, T, gas local temperature, ¢, particle emissivity,



H. Askarizadeh et al.

o Stefan-Boltzmann constant, and I, is the incident radiation. The
heat released from the particle is denoted by H . and the coefficient
[ signifies that part of the heat released is absorbed directly by the
particle and the rest is released in the gas phase [31,41]. In this study,
CO is considered as the only char burnout product.

Calculation of the convective heat transfer coefficient 4 is carried
out according to Frossling [42] and Ranz [43] as follows:

hdp L
Nu; = — =2+0.6Re? Pr3, (2a)
k dp
Cho M
Pr = g , 2b
r=— (2b)
pdy |0, — U,
Re, = L (20)
P H

where Nu, is the particle Nusselt number, d, particle diameter, Re,
particle Reynolds number, Pr Prandtl number, and o, the particle
velocity. The specific heat capacity, thermal conductivity, dynamic
viscosity, density and velocity of the gas mixture are denoted by c,,,
k, u, p, F)g, respectively.

The calculated heat transfer to/from a particle using Eq. (2a) is con-
sidered as a heat sink/source in the energy balance of the continuous

phase.

3.2.3. Particle reaction kinetics

Accurate modelling of the particle reaction kinetics is of significant
importance in characterising the flame. Reactive solid fuel particles
undergo two main subprocesses in a high-temperature medium, i.e., de-
volatilisation and char conversion. The kinetic parameters of these sub-
processes are affected under oxyfuel conditions. According to Nicolai
[5] and Nicolai et al. [6,7], using simplified models for devolatilisation
and char conversion can deliver good agreement if the kinetic parame-
ters are accurately determined for these simple models. In this regard,
the single first-order reaction (SFOR) model [8] for devolatilisation and
the Baum and Street model [9,10] for char conversion are used with the
kinetic parameters applied by Nicolai et al. [39].

Particle devolatilisation

In the SFOR model [8], the devolatilisation rate is calculated as
follows:
dmp(t)

5 =k [my = (1= f,0) myo] and k= Ae E/RTp

3)
A=29058s"" and E = 42.879kJ/mol

where f,, is the mass fraction of volatiles initially present in the
particle, R is the universal gas constant and m,,, is the initial particle
mass.

Char conversion

In the Baum and Street model [9,10], the char conversion rate is
limited either by particle reaction kinetics or diffusion in the particle.
This is done by weighting a kinetic reaction rate R, and an effective
diffusion rate D, resulting in the following char conversion rate:

dm, () __ 4 PRTLY, DoRy
dr P M,; Dy+Ry
(7, + 1) /2] (4)
T, +T,)/2]*
D, =C, % and R, = Cye F/RTy,

p
where, coefficients C; and C, depend on the temperature and conver-
sion agents, which are oxygen, carbon dioxide and water vapour. The
numerical values for C; and C, together with the activation energy of
the reactions are given in Table 3.
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Table 3
Activation energy and rate constants of conversion reactions in low-temperature (LT)
T < 950°C and high-temperature (HT) T > 950 °C ranges [33,39].

Oxidiser 0, [39] €0, [33] H,0 [33]

C, [s/KO75] 743010713 1.0-10710 28410712
1351074

C, [s/m] 188.6 635 10-3b 1921073
1.35 - 105 .

E [J/mol] 1.286 - 10° s, 10°b 147 -10°

2 Low temperature.
b High temperature.

4. Radiation modelling

High temperatures in the combustion chamber signify the dominant
role of radiation among other mechanisms of heat transfer in the cham-
ber. Hence, correct modelling of radiation is of significant importance
for the characterisation of the flame structure.

The radiation transfer equation that accounts for gas radiation and
particle radiation interactions can be expressed for the discrete ordinate
model as follows [31]:

attenuation coef ficient

———
drl (7 3) T4
’ _ 20 .
T—Kgn 7+ Ep - (Kg+Kp+O'p) I(r,s)
—— ——
gasemission  particle emission radiation attenuation (5)
°_p 4 R .
+— I(F.s1) @ (5,57)dQ.
4z fo

inscattering

Eq. (5) describes the change in radiation intensity I along the infinites-
imal path length ds in the direction of the solid angle 7. The first term
on the right-hand side describes the increase in the intensity due to
gas emission, with » as the refractive index of the gas and «, as the gas
absorption coefficient. Increase in the radiation intensity due to particle
emission E,, and its calculation are explained in detail in Section 4.2.
The third term on the right-hand side accounts for the intensity loss
due to gas absorption, particle absorption and outscattering. Particle
absorption and scattering coefficients (;cp and ‘7p) control the amount
of absorbed and outscattered radiation by particles. The last term
considers the intensity increase due to inscattering. Gas scattering is
considered to be negligible [23,31], thus, the scattering coefficient and
scattering phase function of the particles determine the inscattered
radiation. In addition, @ and Q indicate the phase function and the
solid angle, respectively. The scattering phase function @ is modelled
by an anisotropic Mie-scattering phase function, which is approximated
by a finite series of Legendre polynomials [44,45].

In this study, the discrete ordinate method (DOM) is used to solve
the radiation transfer equation as a field equation in each direction s
(see Eq. (5)). In contrast to the P1 model, the DOM does not have
any limitation regarding optical thicknesses and is superior when solv-
ing the radiation transfer equation in strongly forward scattering me-
dia [46]. Based on a verification study, the radiation transfer equation
is solved every 10 iterations of the gas phase momentum and energy
equations. The verification study was carried out with 5, 10, 20, 30
iterations. Reducing this number increases the computational costs and
increasing this number to 20 and 30 did not result in a convergent
solution of the reference case considered in this study. For the discreti-
sation, each octant is divided into 36 solid angles following Gronarz
[21]. The emissivity of the burner and the chamber wall are taken
from Toporov et al. [33]. The burner port at the top of the chamber
is made of ceramic materials with an emissivity of ¢, = 0.3 and the
emissivity of the chamber wall is set to ¢, = 0.7.
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4.1. Gas radiative properties

The wavelength dependency of the gas radiative properties under
oxyfuel conditions is approximated by a modified weighted-sum-of-
grey-gases (WSGG) model proposed by Bordbar et al. [11], which has
shown good accuracy in the simulation of the reference case in this
study [39]. This model can be expressed as follows:

N,
g
e=Ya [1 —exp [—Kiﬂ (Yeo, + Yin0) LH (6a)
i=0
Ng Ng Ng
a =Y byl b= CyMY, Ko=) diy M. (6b)
i= k=0 k=0
where N, is the number of grey gases (equal to 4), a the weighting

factors, K the absorption coefficients correspond to the grey gases,
P, the total pressure of the mixture, M, = Yy,o/Yco, the ratio of
the molar fractions, L the path length, 7, = T /T, the normalised
temperature where T,.; has been selected as 1200 K [11], b;; is a
polynomial function of the ratio of the molar fractions, and Cj;, and
d; are the model constants given in Bordbar et al. [11]. Egs. (6a) and
(6a) reveal that the absorption coefficients are a direct function of gas
temperature 7 and molar fractions of H,O and CO,.

4.2. Particulate effects

Particulate effects on the radiation heat transfer are taken into
account through emission, scattering and absorption by particles. The
equivalent emission of the particles is represented by E, in Eg. (5),
which can be expressed as follows:

4 2
nd
- _ ""pn
E,= hm Zspn R — Ay, = < )

where the summation is over » particles in volume V and ¢,,, Ay, dpn
and T, are the emissivity, projected area, diameter, and temperature
of particle n, respectively.

The particle absorption «, and scattering o, coefficients in Eq. (5)
are calculated as follows [25]:

A
. pn
Kp = Vlﬂo Z Qabs.pn - Vo Em T Qubs,pn ®)
A
pn

o'p: hm Z fpn - pn) v 5 (9)

N A Apn
= Jim, 3\ Ocum o

where f,, is the scattering factor of the nth particle and Q,,, and
Ogcapn are the absorption and scattering efficiencies of the nth particle,
respectively.

4.2.1. Particle absorption and scattering efficiencies

In general, absorption and scattering efficiencies depend on wave-
length, particle size and internal structure described by the index
of refraction of the corresponding material. For the calculation, the
Maxwell equations [47] are solved. For complex, arbitrarily shaped
particles, typically, numerical methods, e.g., the discrete dipole ap-
proximation [48] or semi-analytical methods such as the T-Matrix
method [49] are used. However, for almost spherical coal and ash
particles, it is sufficient to use the Mie theory [50]. The Mie theory
is an analytical solution of the Maxwell equations for a spherical and
homogeneous particle and its validity for coal and ash particles has
been verified by Gronarz et al. [51,52]. Accordingly, the index of
refraction of coal and ash represents the material’s property.

In this study, the measured data by Manickavasagam and Menguc
[53] are used for the index of refraction of coal and the measured data
by Goodwin and Mitchner [54] for that of ash. This, in combination
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with the ratio of particle perimeter and incident wavelength, is used
as input for the Mie theory. Then, the Mie theory gives a solution
for the Maxwell equations, where the solution consists of a series of
spherical harmonics with corresponding coefficients. These coefficients
are finally used to calculate the absorption and scattering efficiencies.
A detailed description has been given by Bohren and Huffman [55].
In this study, calculations of the absorption and scattering efficiencies
are based on the implementation by Mitzler [56]. To efficiently con-
sider the wavelength dependency, Planck mean values are calculated
utilising the following equation:

0= 1,04, IB(TP)CM. an

J; Ie(Tp)da

Where I5(Tp) is the temperature-dependent black body intensity.
As the calculation of the spherical harmonics and the averaging pro-
cess is computationally too expensive for on-the-fly CFD coupling, a
pre-calculated database is created.

Accordingly, a variation of the absorption and scattering efficien-
cies for char (top row) and for ash (bottom row) particles over a
temperature range of 7, = 293.15-3000K and a diameter range of
d, = 5-500pm is provided in Fig. 2. These are calculated using Mie
theory over a wavelength range of 4 = 0.025-20 pm, where the varia-
tion of the particle absorption and scattering efficiencies is significant.
The calculated efficiencies are then implemented as tabulated data and
are interpolated for the current char and ash particle diameters and
temperatures. The results are then combined via the burnout parameter
B as follows:

.Abs =p- des char T a-p- des ash> (12a)

sc,a =p- Qscd char a-5- Qs(,d ash» (12b)
p,chdr . (120)
mpy()

The linear combination of efficiencies is an approximation to con-
sider ash as well as char radiation properties. Applying other scenarios
for the combination of these properties [57] can be done in the imple-
mented UDF, which will be made accessible in software publication
through the RWTH library under the DOI: 10.18154/RWTH-2024-
05749 (see also Appendix).

4.2.2. Particle cloud effect with the weighted-scaling approach (WSA)

In the solution of the radiative transfer equation, applying Egs. (8)
and (10) yields an effective absorption and scattering coefficient, repre-
senting the absorption and scattering properties of the particles within
a cell simultaneously. However, Koch et al. [28] discovered that this
approach is only suitable for a perfectly uniform distribution of the
particles within the mesh cells and when multiple scattering by the
particles is negligible. To account for the effects of the non-uniform
distribution of the particles in a mesh cell and to consider multiple
scattering, Koch et al. [28] developed a weighted-scaling approach
(WSA), which considers these effects by multiplying the scattering and
absorption coefficient with a weighting factor W,. This weighting factor
W, depends on the mean diameter of the particles in a cell and also
on the mean absorption efficiency. Typical values of W, lie in a range
of 0.5-0.75 [28]. For more information on the derivation of these
factors, see Koch et al. [28]. The inclusion of W, in Egs. (8) and (10)

is as follows:

N
A
. pn
Kpwsa = Vlinﬂ) Z Qabs,pn N2 I/Vpn’ (13a)
n=1
. Apn
Op,WSA = vlﬂo 2 Qsca,pn 7 I/I/pn . (13b)
n=1

WSA leads to strong deviations in certain variables, especially in the
absorption and scattering coefficients (in some cases 30% [28]). The
question is how this affects the overall simulation accuracy, especially
the temperature, which will be addressed in Section 5.
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Fig. 2. Dependency of char (top row) and ash (bottom row) particle absorption (left) and scattering (right) efficiencies on particle diameter and temperature.

4.2.3. Implementation of particle absorption and scattering efficiencies

In Fluent, there are no material properties for burning particles
that can be directly considered as particle absorption and scattering
efficiencies. In the relevant literature, particle emissivity, €ps 1S assumed
to be equal to the absorption efficiency, Qs p [21,25,39]. However, the
inclusion of the scattering efficiency Oy, in the calculations of the
scattering coefficient through Eq. (9) is not straightforward in Fluent.

In general, there are two direct possibilities to include Oy, via a
UDF in Fluent: (1) through the scattering factor S and (2) through
defining source terms for the gas phase. Regarding the first option, in
the relevant literature, e.g., Guo et al. [25], Eq. (10) is used instead of
Eq. (9). This means that the following expression must be employed to
determine f, from the absorption and scattering efficiencies:

Qsca,p
1- Qabs,p

This must be done through a UDF using the module DEFINE DPM_
PROPERTY. However, since the value of Q,,, is in most cases close
to 1, Eq. (14) leads to both negative and positive values for f, around
four orders of magnitude higher than a constant value of, e.g., =
0.9, which is usually used in the literature. This is a very important
point, since such high values for f,, depending on whether Qg
is larger/smaller than 1, can lead to unphysical negative scattering
coefficients.

The other possible way to include Q,,, and O, in the calcula-
tion of the absorption and scattering coefficients in Fluent is through
the gas phase using the module named DEFINE_ DOM_SOURCE or DE-
FINE DPM_SOURCE. In this study, the module DEFINE DPM SOURCE

fy=1- a4

along with the macros C_ DPMS_SCAT, C_ DPMS_ABS, and C_DPMS_EMISS
is used to calculate the absorption and scattering coefficients. In this
way, the absorption and scattering efficiencies, which are interpolated
using the particle diameter and temperature from Fig. 2, can be used
directly to calculate the absorption and scattering coefficients, so that
no negative and unphysical values can result for these coefficients.

5. Results and discussions
5.1. Grid study

Due to the rotationally symmetric geometry of the combustion
chamber (see Fig. 1), a quarter of it is considered for the numerical sim-
ulations. For the geometry considered, a structured mesh is generated
(shown in Fig. 3) with high orthogonal quality (minimum orthogonality
of 0.631 and an average of 0.987 out of 1).

The eligibility of the applied grid in the numerical simulations has
recently been shown in another work of the authors [32], indicating
that a grid with 744,495 cells is sufficiently fine to capture the flame
characteristics investigated here by comparing the results to a finer grid
with 3,309,960 cells.

5.1.1. Validation: particle velocity components and particle temperature
Particle velocity

To show the validity of the simulation results, particle velocity
components are compared with the measured data by Zabrodiec et al.
[29] using laser Doppler velocimetry (see the dotted red lines compared
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Fig. 3. Structured mesh of the simplified geometry of the combustion chamber used
in the numerical simulations. The distances specified with d under the dump plane
(diffuser outlet) mark the positions for which the results of the different cases are
compared to each other.

to the blue lines in Fig. 4). These results are also compared with the
LES results by Nicolai et al. [39] (dotted green lines in Fig. 4). The
comparisons show good agreement with both measurements and LES
results. Therefore, verification and validation studies both indicate the
eligibility of the coarser grid for further simulations.

Particle temperature

In addition to the velocity components, particle temperature ob-
tained from the simulation of the reference case is compared with the
measurements [58] and the LES results [39] on different distances (lev-
els) in the chamber over the chamber radius (see Fig. 5). Measurement
of particle temperature has been based on the collected flame radiation
and fitting it to the Planck black body radiation. The flame radia-
tion was collected by (1) a non-intrusive narrow-angle optical system
providing integrated line-of-sight radiation data, and (2) an intrusive
cold-background optical probe that collects radiation from integrated
line-of-sight radiation within a reduced measurement volume [58].

Despite the good agreement in the velocity comparison, the sim-
ulation results for the particle temperature tend to overestimate the
experimental results in a radial range r < 100 mm. However, the results
of the RANS simulation agree well with those of the LES, except for the
deviations at a level of 100 mm (1.5625d) below the dump plane. This
can be attributed to the detailed gas-phase chemistry used in the LES
compared to the two-reaction mechanism used in this study (see Sec-
tion 3.1.2). Deviations with measured particle temperatures in such a
range were also reported in other similar studies, not only in the RANS
simulations [33,59,60], but also in the high-fidelity LES [34,39,59,60].
Such deviations with particle temperature measurements can be due to
both numerical and experimental uncertainties: (1) in particular, dif-
ference between the measurement volume and the corresponding cell

Fuel 381 (2025) 133338

Particle velocity components

Axial velocity [ms™!]

Tangential velocity [ms™!]

0.5d

0 50 100 150 200 0 50 100 150 200
Chamber radius 7 [mm)] Chamber radius 7 [mm)]

Exp. & mean standard RANS: reference case LES

——— deviation

Fig. 4. Validation of the numerical simulations by comparing the cell-averaged axial
and tangential particle velocity components with experimental data [29] and LES
results [39]. (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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Fig. 5. Validation of the RANS simulation results for cell-averaged particle temperature
in comparison to the experimental data by Zabrodiec et al. [58] and LES data by Nicolai
et al. [39]. Comparisons were made on different levels in the combustion chambers
specified by the outer diameter of the secondary inlet d.
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Table 4
Gas and particle radiative properties applied in radiation transfer equation (5) for various simulation cases.
Scenario Ky Kp o, Qs Ogcap
Only gas radiation WSGGP 0 0 0 0
Reference case® WSGG Eq. (8) Eq. (10) 0.9 0.01
Mie WSGG® Eq. (8) Eq. (10) Eq. (12a) & Fig. 2 Eq. (12b) & Fig. 2
WSA WSGG Eq. (13a) Eq. (13b) Eq. (12a) & Fig. 2 Eq. (12b) & Fig. 2

2 The particle radiative properties are considered constant according to parameters such as wavelength, temperature, burnout degree, and particle diameter.

b Modified WSGGM according to Bordbar et al. [11].

iTemperature
i |
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Fig. 6. Axial velocity u and temperature T fields of the gas phase with the stagnation
contour line of the axial velocity (u = 0) on both fields. The horizontal black line
indicates a level of 0.5d below the dump plane, where d = 64 mm is the outer diameter
of the secondary inlet. The blue dotted line portion on this black line specifies the
approximate section through which the secondary flow passes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

volume of the numerical grid at the respective measurement point; (2)
RANS simulations may not be able to completely render the turbulent
nature of the swirl flame; and (3) sensitivity of the flame to the kinetic
parameters for devolatilisation and char burnout, i.e., the kinetic rates
influence the flame structure leading to changes in the temperature
field [61]. Therefore, accurate particle reaction kinetics and a more
precise devolatilisation model, such as a two-step model, can reduce
the discrepancies.

A detailed discussion on the possible reasons for discrepancies with
the temperature measurements has also been given by Nicolai et al.
[39]. The important point for the RANS simulations in this study is
using a verified model to assess the level of detail needed for modelling
particle radiation in the simulation. The minimum required level can
then be used in the high-fidelity simulations.

5.2. Flame characterisation: axial velocity and temperature

Here, the reference case is characterised concerning the axial veloc-
ity and the temperature fields. The employed radiation properties for
this case are summarised in Table 4. Fig. 6 shows that the axial velocity
field of the reference case exhibits three recirculation zones (RZ): @the
inner RZ around the axis of the chamber extending from the diffuser to
x ~ 0.64 m, @the external RZ between the tertiary inlet and the staging

(a) Reference  (b) Only gas (c) Temperature (d) Particle
case radiation difference number density|
o
(0
LV
i
N
—0.2F3\ I=
ER R
-
8 ! I
s | \J
j ) b/
8
. 0.4} —— 1800
é 1700
k= ——-— 1600
O B 1500
001 71700
10
T [K] 0>10
Q<1010[m’3]
400
0.8

0 01 020 01 020 0.1
Chamber radius 7 [m]

0.2 0 0.1 0.2

Fig. 7. Influence of the particle radiation on the gas temperature field: (a) gas
temperature field obtained for the reference case, (b) gas temperature field obtained
by considering only gas radiation, (c) absolute temperature difference between the
two cases, and (d) particle number density distribution ¢ for the reference case. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

stream, and (®the wall RZ below the staging stream. The temperature
field indicates the particle heat-up region (transition from red to yellow
in the burner region/diffuser) accompanied by the reaction region (the
yellow and white region). The heat generated through the reaction is
transported downward and is partly brought back to the diffuser via
the inner RZ. In this way, the inner RZ contributes to the stabilisation
of the flame [29,33,62,63].

5.3. Role of the gas radiation and particle radiation interaction

In this section, the importance of gas radiation and particle radi-
ation in the formation of the flame is studied. This is carried out by
neglecting the contribution of particle radiation in the heat transfer
mechanism in the reference case. The relevant radiative properties for
both simulation cases (reference and only gas radiation) can be taken
from Table 4. The resulting gas temperature field is compared to that
of the reference case in Fig. 7. The temperature field of the reference
case (Fig. 7(a)) exhibits lower temperatures than that of Fig. 7(b) for
the case without particle radiation.

The difference between the obtained temperature fields (see
Fig. 7(c)) emphasises the overriding importance of particle radiation
on flame temperatures. Neglecting the role of particle radiation in the
heat transfer leads to higher flame temperatures both in the near-
burner region and further downstream because the produced energy
by the combustion process is not absorbed by the particles, resulting in
higher gas temperatures. In other words, more energy is available to
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Fig. 8. Comparison of the (a) particle absorption, (b) particle scattering, and (c) gas absorption coefficients over the radius of the chamber on a distance of 0.54 below the dump

plane obtained for three cases investigated: (1) Reference case, (2) Mie, (3) WSA.

x10*

e
=

x 101

<
=

1600

o

o
—
=
=)
=]

1200

——Reference case

Net gas radiation [W/m?]
o
Gas temperature T, [K]

——Reference case
----- Mie theory
s ---WSA

——Reference case

Particle number density [m™]

-04 —-—-Mie theory 1000 i —-—-Mie theory |
& ——-WSA U ——-WsA e )
-0.6 0 e
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Chamber radius r [mm] Chamber radius r [mm] Chamber radius r [mm]
x10*
T o Z T o 054
E 0.5d = 1600 0.5d o -
E 0.5 a & £ 0.8 "
= f"' o 2 it ”‘
2 N ] ] i r
Z :\\x‘_r,\.‘\ i £ 1400 €06 ;',’\‘\\ 7 1,}
g0 Ly ;‘ £ 04 '!"\'\\ E’I\‘lw“:
5 ‘u',-' g 1200 i g i ] i —Reference case
g -0.5 i J ——Reference case % | Reference case ks 0.2 ,!,' h l|l| —-—Mie theory
& \h ——-Mie theory g 1000 —-—-Mie theory % .f n
° o ——wsaA & ——-WSA =
Z =
0 50 100 150 200 0 50 100 150 200

Chamber radius r [mm]

Chamber radius r [mm]

Chamber radius r [mm]

Fig. 9. Evaluation of the net gas (a) and particle (b) radiation, gas (c) and particle (d) temperatures, particle number density (e), and proportion of particle emission (f) using
Eq. (16) along the cell length (s) and over all directions at a distance of 0.5d below the dump plane in (1) Reference case, (2) Mie theory, and (3) WSA. Grey zones indicate
the radial ranges, where emission dominates absorption. In the orange zones, absorption dominates emission. The yellow zone depicts the radial range, where particle effects are
important in the radiation exchange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

be absorbed by the gas. This is more pronounced in the regions with a
high particle number density when comparing Figs. 7(c) and 7(d).

5.4. Assessment of the level of detail in particle radiation modelling

Fig. 7 emphasises the importance of the particle radiation on the
flame characteristics. In this section, the level of detail in modelling
particle radiation is investigated. Accordingly, the more detailed meth-
ods available in the literature for the calculation of the particle ra-
diative properties are considered in the simulation: the Mie case and
the WSA case. Table 4 provides an overview of the differences in the
calculation of the radiation properties in the simulations.

In the Mie case, the burnout-dependency of particle radiative prop-
erties is considered and in the WSA case, the influence of non-uniformity
in the distribution of particles within a computational cell on the
burnout-dependent particle radiative properties is additionally taken
into account. According to Egs. (8) and (10), the absorption and
scattering coefficients are the direct variables that can be affected by
the particle radiative properties. In the following, these quantities are
evaluated and then different terms of the radiation transfer equation
containing the absorption and scattering coefficients are investigated.

5.4.1. Particle absorption and scattering coefficients

Figs. 8(a) and 8(b) present the influence of the burnout-dependent
particle radiative properties without and with considering the influence
of the cellwise non-uniform particle distribution on the particle absorp-
tion and scattering coefficients using the WSA. The particle absorption
coefficients in the Mie and WSA cases are significantly higher than
in the reference case (see Fig. 8(a)). The obtained particle scattering
coefficients within the Mie and WSA cases are even higher than their
absorption coefficients (Fig. 8(b)). This is following the observations
by Koch et al. [28].

Fig. 8(c) shows the calculated gas absorption coefficients for the
three cases. Differences in the gas absorption coefficients in Fig. 8(c)
are not a direct consequence of the changed particle absorption and
scattering coefficients, since the gas absorption coefficient depends
only on the gas temperature and composition (see Egs. (6a) and (6b)).
However, variation of the radiative properties of the particles with
temperature and diameter (burnout-dependent properties with or with-
out the inclusion of non-uniformity effects using the WSA) indirectly
changes the gas temperature and concentration fields due to interac-
tions (e.g. convective heat transfer).
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5.4.2. Evaluation of the radiation transfer equation

In order to better distinguish the role of particle and gas radiation in
the flame characteristics of the simulation cases introduced in Table 4,
the radiative transfer equation, Eq. (5), is analysed in detail in this
section.

Multiplying the radiation transfer equation with ds and d£2 and then
integrating both sides leads to the following expression:

4 s s 4 O'T4
/ /d](?,§)d9=// Kn® =— dQds
0 0 o Jo T
4

s 4r N O-Tpn
+ li A, —— dQd
A _/0 v for Epfon Ty S

s 4r
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Since the gas and particle temperatures (T and T},,), gas and particle
absorption coefficients «, and «,,, and particle scattering coefficient o,
are known for a simulated case and taking advantage of the definition
of incident radiation G = f, I (7,5)dQ (see Eq. (1¢)), Eq. (15) can be

rewritten as follows:
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Eq. (16) can be used to evaluate the net contribution of the gas and
particle phases in radiation exchange. This is done in Fig. 9. To better
describe the changes in the variables, an inner (» < 100 mm) and an
outer (r > 100 mm) radial region is defined.

Figs. 9(a) and 9(b) show the net contribution of the gas and particle
phases in the radiation exchange, respectively. The net radiation ex-
change has been obtained by subtracting the absorbed from the emitted
amount of radiation in each cell for both phases. The positive values in
Figs. 9(a) and 9(b) show higher amounts of emission than absorption
and the negative values vice versa. In both phases, the troughs of the
profiles in the inner radial region indicate the influence of the strong
secondary flow on the net radiation exchange. This strong secondary
flow induces a transition from the positive (grey zone) to negative
(orange zone) values around r = 50 mm. A back transition to positive
values happens around r = 80 mm, which is the end of the width of the
secondary flow (see the blue dotted section on the 0.5 level in Fig. 6
as well).

In these positive and negative zones, the three cases (reference,
Mie, and WSA) can now be compared concerning the gas (Fig. 9(c))
and particle (Fig. 9(d)) temperatures. The net gas radiation behaves
very similarly to the gas temperature, although the reaction enthalpy
of the gas phase reactions and the convective exchange between gas
and particles also affect the temperature. However, a comparison of
Mie and WSA cases shows that the gas temperature is higher if a case
has a higher positive value for the net gas radiation. Such a comparison
cannot be made with the reference case. For instance, in the radial
range r < 20 mm, a higher net gas radiation is observed in the reference
case than in the other cases, but the gas temperature in this range
is not higher in the reference. The reason can be attributed to the
gas absorption coefficient obtained in this case (see Fig. 8(c)). Indeed,
neglecting the detailed modelling of the particle radiative properties
leads to considerable local changes in the temperature of the flame
(especially in the regions with high temperature gradients) and this
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eventually results in the differences in the gas absorption coefficient
and vice versa.

Neglecting the more detailed modelling of the particle radiative
properties in the reference case significantly underestimates the net
particle radiation shown in Fig. 9(b) compared to the other cases. The
underestimation is about 18% and 11% difference when comparing
the crests of the curves in the first emitting zone (first grey zone) and
about 28% and 14% when comparing in the absorbing zone. Since the
particles themselves are a heat source, higher absorption coefficients
facilitate better interaction between gas and particles such that local
temperature peaks are more likely to be avoided. However, due to the
complexity of the system and the diverse interactions, a single effect
cannot directly be described by a specific modelling. In comparison
with the WSA and Mie cases, significantly higher local particle tem-
peratures, e.g., about 300 K and 200 K at r = 55 mm, are observed in
the reference case. This is due to the strong local temperature gradients
meaning that small radial displacements can accordingly lead to large
differences between the cases at the same radial position.

Figs. 9(e) provide the particle number densities in the inner (coloured
yellow) and outer radial regions. This means that, in the inner radial
region, particle radiation can be more important than gas radiation
and in the outer radial region vice versa. To prove this, Fig. 9(f) is
shown. Except for the reference case, the other two cases confirm the
strong increase in the importance of particle radiation in the inner
radial region, while gas radiation dominates in the outer region. The
influence of the secondary flow on the change in the importance of
the particle and gas radiation is also nicely shown with the double
peaks. Indeed, the importance of gas emission in the secondary stream
becomes higher than the particle emission for the Mie and WSA cases.
The reason for the second radial peak is the external recirculation zone
(see also Fig. 6), which rotates counter-clockwise and directly after the
secondary stream in the radial direction has an opposite direction to
the secondary stream. This leads to an increase in the particle number
density. Note that although the particle number density is high in the
inner radial region for all three cases, the predicted share of particle
emission is significantly underestimated in the reference case.

5.4.3. Comparison with experimental results

This section investigates whether the new modelling approaches
lead to a better description of the experimental data. Since deviations
between the numerical and experimental results for the particle tem-
peratures observed in Fig. 5 were higher than those of the velocity in
Fig. 4, the particle temperatures are compared in Fig. 10 once again
with the newly obtained predictions using the Mie approach and the
WSA at the axial distances 1.5625d, 3.1250d, and 4.6875d. Although high
local temperature differences of about 300 K and 200 K (see Fig. 9(d))
at an axial distance of 0.5d exist in the predictions of the reference case
compared to the WSA and Mie cases, respectively, Fig. 10 shows that
the differences between the cases themselves are small compared to the
differences each case has to the measurements. Thus, in comparison
with the measurements, no significant improvement is achieved. Since
the experimental data are available relatively far away from the near-
burner region, the role of particle radiation can be less pronounced at
the comparison levels. This said, the results show that when tempera-
tures far away of the burner are of interest, using complex models for
particle radiative properties is not decisive.

To prove the level of importance of the role of particle radiation
at different axial distances, Fig. 11 is provided for the WSA case.
This figure shows that the importance of particle radiation is partly
more than 60% at the levels above 0.5d. Inside the diffuser (negative
distances) or at the dump plane (x = 0), this share is even above 80%.
However, for the highest level, at which the experimental data are
available (1.5625d), the role of particle radiation decreases below 20%.
This can be the reason for the small improvement in the comparison of
the temperature profiles against the experimental data.
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5.4.4. Wall radiation heat flux

The influence of different approaches on the net radiation heat
fluxes on the chamber wall is shown in Fig. 12, signifying consider-
able local differences. These local differences can be attributed to the
changes in the particle number densities. For instance, in an axial range
of 0.277 < x < 0.340 mm, the sudden decrease in the wall radiation heat
flux for the Mie case is due to the sudden local increase in the particle
number density by approximately up to 35% compared to the other
cases. In most part of the upstream region (x < 0.4 m), the reference
case leads to lower wall radiation heat fluxes compared to the other two
cases, while in the downstream region, higher wall radiative heat fluxes
are observed for the reference case. This can also be attributed to the
importance of particle radiation in the upstream region of the chamber
(see Fig. 11) and consequently higher wall radiation heat fluxes in the
Mie and WSA cases. In the downstream region, where the importance of
particle radiation decreases, the predictions of all three cases converge.

6. Conclusion

This study aimed to develop a simulation tool for investigating the
role of particle-radiation interactions in the combustion of pulverised
solid fuels under oxyfuel conditions. For this purpose, a reference case,
Oxy25 flame (25 vol% O, and 75 vol% CO,), was chosen from the cases
measured by Zabrodiec et al. [29,58]. A simulation of the reference
case was carried out with the aid of a developed simulation tool in
Ansys Fluent by adopting the submodels for oxyfuel conditions via user-
defined functions. This included models for particle reaction kinetics as
well as gas and particle radiative properties. Gas radiative properties
were modelled implementing a modified weighted-sum-of-grey-gases
model. Particle radiative properties were modelled implementing tab-
ulated data that include burnout-dependent absorption and scattering
efficiencies for both char and ash particles. These tabulated data were
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pre-calculated using the Mie theory. During the simulation, ash and
char absorption and scattering efficiencies were interpolated for their
current diameter and temperature. In this way, a recently proposed
weighted-scaling approach by Koch et al. [28], which accounts for
the effects of non-uniformity of particle distribution in computational
cells on the burnout-dependent particle radiative properties, was con-
sidered in the simulations that should lead to a more realistic case. The
simulation results concerning the overall gas temperature fields, the
local temperature profiles, the radiation transfer equation, absorption
and scattering coefficients, and the wall radiation heat fluxes were
investigated. First, the importance of radiation modelling in the cham-
ber was studied by systematically neglecting particle radiation in the
solution of the radiation heat transfer equation. The results indicated
the significant role of particle radiation in the near-burner region.
Second, the radiation transfer equation (RTE) was studied concerning
the individual terms in the equation for three different cases: (1) the
reference case with constant particle radiative properties; (2) the Mie
case with burnout-dependent particle radiative properties; and (3) the
WSA case considering weighted-scaling approach to account for the
influence of cellwise non-uniform particle distribution on the burnout-
dependent particle radiative properties. The evaluated results close to
the burner over the radius showed:

1. significant changes in the absorption and scattering coefficients;

2. two radial regions with high (the inner region) and low (the
outer region) particle number densities;

3. in the inner region, the influence of particle radiation on the
radiation fluxes was in the Mie and WSA cases significant, while
in the outer region gas radiation was dominating (for all three
cases); and

4. at the radial positions with high temperature gradients, signifi-
cant local temperature differences about 200-300K;
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Comparisons of the results obtained using a more detailed modelling
of particle radiative properties with temperature measurements did not
lead to significant improvements since the available experimental data
are for the axial distances relatively far away from the burner, where
the role of particle radiation significantly reduces compared to the near-
burner region. The results on the wall radiative heat flux signified an
upstream x < 0.4 m and a downstream region. In the upstream region,
the reference case led to smaller wall radiative heat fluxes compared
to the other cases. This was attributed to the underestimation of the
particle radiative heat fluxes in the reference case. The differences
between the results of the Mie and WSA on the wall radiative heat
fluxes cases were overall small and in the downstream region x > 0.4,
predictions of both models converged. Note that in a real combustion
chamber, the operating conditions are different and temperatures are
significantly higher than in the pilot-scale chamber investigated in this
study. These can affect the importance of particle radiation by local
changes in particle number densities.
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Appendix. Developed code

A detailed description of the developed code via user-defined func-
tions (UDFs) in Ansys Fluent will appear in a Software publication
document by the RWTH library under the DOI: 10.18154/RWTH-2024-
05749. The developed code calculates particle kinetics, such as inert
heating, devolatilisation and char conversion, and particle and gas
radiative properties, such as absorption coefficients of gas and particles,
scattering coefficient of particles, and also scattering phase function
outside of the main Ansys Fluent code.

Fig. 13 provides a general overview where the compiled UDFs in
Ansys Fluent are incorporated in the simulation. The red boxes show
the possibilities for including the UDFs for particle radiative properties.
Note that the shown structure in Fig. 13 does not include all the UDFs
available in the code. Many of the UDFs are indirectly involved in the
solution procedure.
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