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A B S T R A C T

In pulverized solid fuel combustion, radiation is the primary heat transfer mechanism. Especially in the near-
burner region with high particle loadings, particle radiation dominates gas radiation. Thus, adequate modeling
of particle-radiation interactions in full-scale simulations of combustion chambers may primarily affect the
overall accuracy. The radiation behavior depends strongly on the particles? optical properties, characterized
by the complex index of refraction (IOR). The IOR depends on particle morphology and material composition
which change during pyrolysis and char conversion. For char conversion, the focus of the present paper,
the change depends on how the structural transformations take place inside the particle, characterizes by
the reaction regimes, boundary layer diffusion limited, pore diffusion limited or kinetically controlled. The
formation of an outer ash film layer with progressing burnout can complicate the situation even more.

To quantify the effects of the structural changes during the char conversion process on the radiative
properties, the output data of the char conversion kinetics (CCK) model (particle size, ash/carbon content,
pore fraction) are used to build artificial particles at different conversion degrees and for the different regimes.
Finally, the radiation interaction is calculated by applying an extension of the Mie theory for coated particles,
and these results are compared to simplified approaches.

Simplified approaches were tested to derive the IOR by applying mixing rules based on the available char
and ash content with progressing char conversion. The results indicate that only a non-linear mixing rule for the
IORs of ash and char lead to appropriate approximations of the radiation behavior of the particle. Furthermore,
it is not necessary to model the spatial arrangement of carbon core and ash film for the radiative properties.
Modeling a sphere and calculating an effective IOR depending on the carbon, ash, and pore volume fraction
results in an average deviation of less than 3% to the exact solution.
1. Introduction

One of the primary greenhouse gases in earth’s atmosphere is carbon
dioxide, which stems from the combustion of solid fuels. Since the
combustion of solid fuels will continue to contribute significantly to
the worldwide energy supply, CO2-neutral conversion methods are
needed. Carbon capture and storage technologies [1], replacing coal by
biomass, or a combination of these two options are alternatives for re-
ducing CO2 emissions from solid fuel-fired power plants. However, de-
signing and developing these technologies and ultimately transferring
them to industrial-sized power plants require predictive simulations.
The simulation of the combustion process needs to consider various
physical phenomena, and thus, the simulation’s quality depends on the
chosen submodels and their coupling.

A crucial phenomenon for the accurate simulation of the combus-
tion process is radiation. Due to the high temperatures in a combustion
chamber, radiation is the most dominant heat transfer mechanism [2].

∗ Corresponding author.
E-mail address: koch@wsa.rwth-aachen.de (M. Koch).

In case of solid fuel combustion, both, gas and particles contribute to
the radiation, and interactions of both radiation phenomena have to
be accounted for. Typically, their influence on the energy balance is
considered by solving the radiative transfer equation (RTE) [3].

One challenging aspect of solving the RTE is the proper consider-
ation of the highly wavelength-dependent properties of gas radiation.
Line-by-line (LBL) integration of the spectral lines provides accurate
solutions. However, in the case of solid fuel combustion, about 106

RTEs need to be solved. As a result, global models were developed.
Instead of solving the RTE with a high spectral resolution, global
models consider radiative properties averaged over the entire spectrum
while attempting to maintain accuracy. Common global models are
the weighted-sum-of-gray-gases model (WSGGM) [4–6] and the full-
spectrum correlated-k model (FSCKM) [7]. As gas radiation depends
mainly on the temperature of the radiating gas and its concentration,
many models were first developed for an air atmosphere. The global
016-2361/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a
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models were adjusted for oxy-fuel conditions [8–10] as the interest
in carbon capture and storage technologies has risen. Here, oxy-fuel
conditions mean the combustion of solid fuels in an atmosphere of
oxygen and carbon dioxide.

Commonly, spectral properties of particles are neglected, and
Planck-mean values are applied for the absorption and scattering
properties of the particles. Johansson et al. [11] highlighted that
particle radiation even dominates gas radiation (for oxy-fuel and air
atmospheres), which is supported in later published studies by other
researchers [12,13]. This statement was relativized in Guo et al. [14]
for coal combustion. They stated that particle radiation dominates the
heat transfer near the burner, where the overall particle density is
high. Furthermore, particle radiation dominates gas radiation in the
burnout region due to the high content of ash particles. In order to
distinguish between these two particle types and to be able to calculate
the radiative properties, the complex index of refraction (IOR) for coal
and ash has to be known.

These two IORs are then applied to the Mie theory [15] to calculate
the scattering and absorption properties of the corresponding particle
in a combustion chamber. As Mie theory only applies to spherical
and homogeneous particles, shape and internal composition of ash and
coal particles are simplified. In Gronarz et al. [16], it was shown that
assuming a spherical shape for these particles is sufficiently accurate.
A follow-up study [17] investigated and verified the homogeneous
assumption for coal particles prior to pyrolysis.

Nevertheless, the influence of the conversion process on the ra-
diative properties is rarely considered in simulations of combustion
chambers. The particles are assumed to either consist entirely of coal
or ash. However, these representations of the particle morphology
only represent the start and the end point of the conversion process.
During the conversion process, first, the volatiles are released during
pyrolysis and a porous char particle remains. Then, the carbon material
is converted to gaseous products and released from the particle, while
the minerals are transformed into ash. Depending on the reaction
conditions and the oxygen transport within the particle pores, effects
like ash film formation, particle swelling, and particle shrinking occur.
Consequently, the char conversion process can be categorized into three
reaction regimes: In regime I, the conversion is limited solely by the
intrinsic reaction rate of the char conversion reactions. Enough oxygen
is available at all positions within the particle, and the reactions evolve
uniformly. In regime II, the conversion process is limited by the oxygen
diffusion within the particle pores. Thus, the reactivity is higher at the
particle surface than at the center. In regime III, the overall conversion
process is limited by the oxygen transport through the boundary layer,
and the conversion process only takes place at the particle surface.

Gronarz et al. [18] and Guo et al. [19] used simplified approaches
to consider the conversion process on the radiative properties. Gronarz
et al. modeled the single particle with a carbon core coated with an ash
film, applying the IOR of coal for carbon. Depending on the burnout
of the particle, they used a power law to describe the diameter of
the core and the total particle. This power law has been derived from
the char burnout kinetics model by Hurt et al. [20], which predicts a
change in the particle size and its composition during char burnout.
To calculate the radiative properties, they applied an extension of the
Mie theory, where a shell model for the particle is used [21]. However,
this approach did not consider the porosity fraction evoked by the
release of volatiles during pyrolysis. In Koch et al. [22], porous particles
were modeled, and the influence of porosity and the overall shape on
the radiative properties were investigated. They highlighted that the
shape of particles and the porosity are not negligible, which indicates
the importance of pyrolysis effects on the radiative properties of char
particles.

Like Gronarz et al., Guo et al. [19] used the same approach to
calculate the total particle and the carbon core diameter. Additionally,
they considered the porosity, which was calculated by a correlation
2

based on the CBK model. However, unlike Gronarz et al., they did not
apply a shell model. They calculated an effective index of refraction de-
pending on the burnout and, thus, assumed a homogeneous distribution
of carbon, ash, and pores during the burnout of the particle.

In contrast to Gronarz et al. and Guo et al., the present study
aims to model the particle’s composition in dependence on burnout as
realistically as possible. For this, the char conversion kinetics (CCK)
model [23] calculates the core and particle diameter as well as the ash
and pore content. Compared to the CBK model, the CCK model incor-
porates both gasification and surface oxidation reactions. The output
data of the CCK model represent the input to calculate the radiative
properties of a single particle — absorption efficiency, scattering effi-
ciency, and scattering phase function. This one-way coupling process is
presented in the current study. Furthermore, simplified approaches are
compared to this coupling approach. It will be investigated whether
it makes a difference in calculating the radiative properties of how
the particles react and are structured or whether an effective IOR is
sufficiently accurate.

2. Modeling methods

Coupling radiative properties with detailed char conversion kinetics
requires modeling different phenomena. The char conversion kinetics
(CCK) model calculates the conversion process. While the CCK model is
briefly explained, its coupling to the radiation calculations is described
in more detail. As the coupling process is implemented via the radiative
properties of particles, the calculation of the single radiative particle
properties is described, first in general and then for burnout-dependent
particles.

2.1. Char conversion kinetics model

The char conversion models incorporate a variety of intricate sub-
models to capture the essential transport and chemical effects during
char conversion. The CCK model [23] combines the 5-step gasification
reactions (CBK/G) (with CO2, H2O, and H2) with the 3-step char
oxidation reactions (with O2).

• 2 C + O2 ←←←←←←←←←←←←←←←←←→ C(O)𝛼 CO
• C + O2 + C(O)𝛼 ←←←←←←←←←←←←←←←←←→ C(O)𝛼a + CO2
• C(O)𝛼 ←←←←←←←←←←←←←←←←←→ C(O)
• CO2 + C ←←←←←←←←←←→ C(O)𝛽 + CO
• C(O)𝛽 ←←←←←←←←←←←←←←←←←→ CO
• C + H2O ←←←←←←←←←←→ C(O)𝛾 + H2
• C(O)𝛾 ←←←←←←←←←←←←←←←←←→ CO
• C + 2 H2 ←←←←←←←←←←←←←←←←←→ CH4

Additionally, the CCK model accounts for phenomena including
boundary layer diffusion, pore diffusion, ash encapsulation, and ther-
mal annealing. Essential differences between the CCK model and the
former CBK model [20] are the updated multiple submodels, which
represent more realistic physics and better reproduce the combustion
of particles in an oxy-fuel atmosphere. The extended submodels include
the swelling model, the annealing model, the mode of combustion
parameter, and the kinetic model, complemented by the integration of
the chemical percolation devolatilization (CPD) model, which controls
the pyrolysis [23].

In this study, the CCK model is used to simulate the burning of
a single coal particle in a laminar burner in an oxy-fuel atmosphere.
An atmosphere with 20% O2, 10% H2O, and 70% CO2 has been used
as boundary conditions [24–26]. The proximate and ultimate analysis
of the simulated high volatile bituminous columbian coal is shown in
Table 1. The gas temperatures, the wall temperatures as well as other
boundary conditions were taken from the experimental results [24–26]
and were used in the CCK model.

For the char conversion simulation, the particle is assumed to be

spherical with a starting diameter of 𝐷P,0 = 100 μm. Here, the particle
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Table 1
Ultimate and proximate analysis of the Colombian coal (hvb coal) investigated: 1 =
ry; 2 = daf (dry ash free)
Coal Volatil. Ash C H N O

[%m]a [%m]1 [%m]b [%m]2 [%m]2 [%m]2

hvb 36.6 7.7 72.8 5.0 1.9 18.7

a Dry.
b Dry ash free.

Fig. 1. Burnout depending on the time for 𝐷P,0 = 100 μm.

morphology, material composition, and particle size change within the
conversion process. The burnout 𝐵 is used as a measure for reaction
progress and with carbon mass fraction 𝑤c, it is defined as 𝐵 = 1 −𝑤c.
.e., 𝐵 = 0 indicates the state of the particle after pyrolysis. For 𝐵 = 1,

no carbon is left within the particle, and the conversion process is
finished. The remaining particle consists of ash with an internal porous
structure. Fig. 1 illustrates the burnout 𝐵 depending on the time 𝑡.

The internal structure for 0 < 𝐵 < 1 depends on the oxygen
transport into the boundary layer and the pores of the particle. Three
different conversion regimes arise. These three regimes are illustrated
exemplarily in Fig. 2 for 𝐵 = 0.1, 𝐵 = 0.5, and 𝐵 = 0.9.

The particle diameter 𝐷P describes the overall size of the particle.
In regime I, the particle size is constant during the conversion process.
The conversion proceeds uniformly in the particle, where the carbon
content decreases, and the pores increase. The conversion is solely
limited by the intrinsic reaction rate (kinetically-limited regime). In
regimes II and III, an ash layer with thickness 𝛿af and a core, with
diameter 𝐷core describe the particle. Furthermore, the particle and core
diameter decreases over time. In regime II, the conversion is limited by
the oxygen diffusion within the particle pores (pore-diffusion-limited
regime). Thus, the reactivity is higher at the particle surface than at
the particle core. In contrast to regime II, in regime III, the conversion
proceeds only at the surface (film-diffusion-limited regime). Therefore,
the volumetric composition of ash, carbon, and pores in the char core
is constant in regime III.

Additionally to the internal structure illustrated in Figs. 2, 3 depicts
the particle diameter and core diameter in the three regimes as a
function of 𝐵. In regime II the total particle size shrinks to less than
half of its original size, meaning a reduction of the volume by more than
87.5%, while the core shrinks to approximately a third of the original
particle size. However, for 0 < 𝐵 < 0.4, the core diameter almost
matches the total particle diameter, indicating a small volume fraction
of the ash film. In regime III, the overall particle diameter is almost
equivalent to the particle diameter in regime II. However, the core is
smaller than the particle core in regime II. Therefore, regime III has a
more significant ash film than regime II. This behavior is justified by the
3

Fig. 2. Illustration of the three regimes for a given burnout. In regime I the particle
size is constant and no ash film exists. Difference between regime II and III is a bigger
ash film in regime III and a higher porosity in the core for regime II — black illustrates
carbon, gray ash, and white pores.

reaction taking only place on the particle surface. Nevertheless, similar
to regime II, for 0 < 𝐵 < 0.4, the core diameter still almost matches
the overall particle diameter. The resulting diameters of regime II are
calculated by the CCK-model and the diameters of regime I and III are
calculated utilizing the equations in the following subsections using
theoretical assumptions.

Coupling process
To calculate the particle-radiation interaction depending on the

conversion predicted by the CCK model, the following time-dependent
parameters are extracted from the CCK model:

• Ash mass fraction 𝑤a inside the particle

• Total carbon mass fraction 𝑤c of the particle

• Total particle diameter 𝐷P and core diameter 𝐷core

• Particle temperature 𝑇P

• Particle porosity 𝛩P

• True ash density 𝜌a,true = 2650 kgm−3

• True carbon density 𝜌 = 2000 kgm−3

c,true
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Fig. 3. Diameter depending on the burnout for 𝐷P,0 100 μm reacting in the three
egimes.

• Particle density at 𝑡 = 0 s, 𝜌P,0 = 1300 kgm−3

These parameters are employed to compute the volume fractions
f the particle?s porosity, ash, and carbon. These volume fractions
re subsequently utilized to determine the radiative properties. As the
imulated particle reacted in regime II, the volume fractions are first
alculated for regime II. Then, the calculated masses and volumes
re used to recreate the particle structure for regimes I and III. The
orresponding parameters are indexed with R.I, R.II or R.III to show
heir relation to regime I–III.

egime II — pore-diffusion-limited
First, the density of the ash film 𝜌af is calculated from purely

geometric considerations, based on the assumption that there is no loss
of ash mass during combustion [27],

𝜌af = 𝑤a,0 ⋅ 𝜌P,0 ⋅
𝐷3

P,0 −𝐷3
core

𝐷3
P −𝐷3

core
(1)

with the total diameter 𝐷P,0 and ash mass fraction 𝑤a,0 at burnout state
= 0. The ash film density leads then to the ash film porosity:

f ilm = 1 −
𝜌af

𝜌a,true
(2)

Together with the known particle porosity 𝛩P and the ash film
porosity 𝛩f ilm, the pore volume of core and ash film are calculated:

𝑉f ilm,pore,R.II = 𝛩f ilm ⋅
𝜋
6
⋅ (𝐷3

P −𝐷3
core) (3)

𝑉core,pore,R.II = 𝛩P ⋅
𝜋
6
⋅𝐷3

P − 𝑉f ilm,pore,R.II (4)

These equations also lead to the ash volume of the film:

f ilm,ash,R.II =
𝜋
6
⋅ (𝐷3

P −𝐷3
core) ⋅ (1 − 𝛩f ilm) (5)

As the true ash density is known, the ash volume of the core is
alculated utilizing:

core,ash,R.II = 𝑤a,0 ⋅
𝜌P,0

𝜌ash,true
⋅
𝜋
6
⋅𝐷3

core (6)

Finally, the necessary volume fractions of regime II are calculated:

𝑓core,ash,R.II =
6 ⋅ 𝑉core,ash,R.II

𝜋 ⋅𝐷3
core

(7)

core,carbon,R.II = 1 − 6 ⋅
𝑉core,ash,R.II + 𝑉core,pore,R.II

𝜋 ⋅𝐷3
core

(8)

𝑓core,pore,R.II =
6 ⋅ 𝑉core,pore,R.II

3
(9)
4

𝜋 ⋅𝐷core
a

𝑓f ilm,ash,R.II =
6 ⋅ 𝑉f ilm,ash,R.II

𝜋 ⋅ (𝐷3
P −𝐷3

core)
(10)

f ilm,carbon,R.II = 0 (11)

𝑓f ilm,pore,R.II =
6 ⋅ 𝑉f ilm,pore,R.II

𝜋 ⋅ (𝐷3
P −𝐷3

core)
(12)

egime I — kinetically-limited
For regime I, the burnout-dependent carbon and ash volume of the

ntire particle is calculated,

𝑉P,ash,R.I = 𝑉core,ash,R.II + 𝑉f ilm,ash,R.II (13)

P,carbon,R.I = 𝑉core,R.II − 𝑉core,ash,R.II − 𝑉core,pore,R.II (14)

The pore volume 𝑉P,pore,R.I results from the pore volume at 𝑡 = 0 s
lus the carbon volume that is converted by the reaction. As illustrated
n Fig. 3, the overall particle diameter is constant. With these relations,
he following volume fractions result:

𝑓ash,R.I =
𝑉P,ash,R.I
𝜋
6 ⋅𝐷3

P,0

(15)

carbon,R.I =
𝑉P,carbon,R.I
𝜋
6 ⋅𝐷3

P,0

(16)

𝑓pore,R.I =
𝑉P,pore,R.I
𝜋
6 ⋅𝐷3

P,0

(17)

Since, no distinction is made between core and film, only volume
ractions for the entire particle are necessary.

egime III — film-diffusion-limited
As it assumed that there are no reactions taking place within the

ore, the volume fractions are always constant in the core:

𝑓core,ash,R.III = 𝑓core,ash,R.II(𝐵 = 0) (18)

core,carbon,R.III = 𝑓core,carbon,R.II(𝐵 = 0) (19)

𝑓core,pore,R.III = 𝑓core,pore,R.II(𝐵 = 0) (20)

Furthermore, it is assumed, that the core volume depends on the
urnout and the starting volume as

core,R.III =
𝜋
6
⋅𝐷3

P,0 ⋅ (1 − 𝐵) (21)

nd that the ash film density is the same as in regime II. Thus, utilizing
q. (1), the particle diameter 𝐷P,R.III and the particle volume 𝑉P,R.III are
alculated. As 𝜌af ,R.III = 𝜌af ,R.II, the volume fraction of the ash film also
quals the volume fractions of regime II,

𝑓f ilm,ash,R.III = 𝑓f ilm,ash,R.II (22)

f ilm,carbon,R.III = 0 (23)

𝑓f ilm,pore,R.III = 𝑓f ilm,pore,R.II (24)

.2. Radiation interaction with a single particle

If radiation strikes a particle, the radiation is partially absorbed,
eflected, refracted, and diffracted. While the absorbed radiation is
onverted into thermal energy and increases the particle temperature,
he remaining effects change the direction of propagation of the inter-
cting radiation. These effects are summed up as effective scattering.
n order to quantify the scattered and absorbed radiation by a single
article and consider its size, the radiation areas are introduced. They
escribe the area on which the radiation is affected due to scattering
Sca or due to absorption 𝐴Abs. Typically, these areas are equal to the
article projection area for particles much larger than the wavelength
of the interacting radiation. However, effects like diffraction have a

istinct influence on the overall scattering behavior of the particle for a
article size equal or smaller than the wavelength. Thus, the scattering
rea 𝐴 may reach a value larger than the particle projection area
Sca
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𝐴P. The radiation efficiencies 𝑄i (with i = Sca for scattering and i
= Abs for absorption) represent the ratio of the virtual interaction
area to the projection area and are used to quantify these influences.
Similar to the scattering efficiency, the absorption efficiency may also
be larger than one [28]. However, the scattering area only indicates
the total amount of scattered radiation. To describe the redistribution
of scattered radiation into all spatial directions, the scattering phase
function 𝛷 is established.

To calculate the radiative properties of a single particle – scatter-
ing area, absorption area, and scattering phase function – Maxwell’s
equations have to be solved for a single, irradiated particle. Usually,
numerical methods like the discrete dipole approximation [29] have to
be applied, and only in special cases semi-analytical methods like the
T-matrix method [30] or analytical solutions exist. For spherical and
homogeneous particles, Mie theory [15] yields an analytical solution.
For coal or ash particles, it is often used as a benchmark solution to
develop more efficient models, and it is also used in this study. For its
application, the diameter of the sphere, the complex refractive index of
the material (IOR) and the wavelength of the radiation must be known.
Since the topic of this study is the radiation interaction with coal and
ash particles, the corresponding IOR of these materials is plotted in
Fig. 4. The real part 𝑛 describes the ratio of the speed of light in vacuum
to the speed of light in the medium, and the imaginary part 𝑘 takes into
account the absorption strength of the medium.

Typically, data measured by Manickavasagam et al. [31] are used
for the IOR of coal. Here, individual coal particles were irradiated,
and the scattering pattern was analyzed to determine the IOR. As in
these measurements a raw coal particle prior to pyrolysis has been
examined, the porosity is negligible. Therefore, this IOR represents in
the later calculation the IOR of carbon. For ash particles, the complex
IOR measured by Goodwin and Mitchner [32] is used. In comparison to
Manickavasagam et al. [31], no scattering experiment was performed.
Ash particles were melted and pressed into a thin homogeneous plate.
Then the homogeneous plate was irradiated, and the transmitted and
reflected radiation was evaluated to determine the IOR of ash.

Based on Fig. 4, the IOR is wavelength dependent. However, there
are no extreme fluctuations compared to the radiative properties of
gas. Thus, no line-by-line calculations like for the gas radiative prop-
erties are necessary and averaging over the relevant spectrum is suffi-
cient. Due to the temperature distribution within a combustion cham-
ber, the relevant wavelength spectrum ranges from 1–10 μm. Over this
wavelength range, a Planck-mean value is calculated by applying the
following equation:

𝑄i =
∫𝜆 𝑄𝜆,𝑖 ⋅ 𝐼B(𝑇P)d𝜆

∫𝜆 𝐼B(𝑇P)d𝜆
(25)

ith 𝐼B(𝑇P) representing the temperature-dependent blackbody inten-
ity of the particle and 𝑄 the radiation efficiency.

As stated in Section 2.1, the particle is assumed to be spherical and
onsists of ash, carbon, and pores during the conversion process. As the
nternal structure is not homogeneous, an extension of the Mie theory
s needed, originally derived for coated particles [21]. This extension
an model the radiative properties of spherical particles, consisting
f a homogeneous core with homogeneous coating, thus, considering
wo different IORs. In this study, the coating represents the ash film
ith IORf ilm, and the core represents the carbon core with IORcore. To

onsider the ash content and the pores in the core or film, an effective
OR is calculated, applying the following equations,

ORf ilm = 𝑓ash ⋅ IORash + 𝑓pore (26)

IORcore = 𝑓ash ⋅ IORash + 𝑓carbon ⋅ IORcoal + 𝑓pore (27)

In Eq. (27), 𝑓𝑖 indicates the volume fraction of ash, the pores or
arbon to the total volume, which are calculated according to the
quations presented in Section 2.1. Fig. 5 illustrates the core volume
5

ractions and Fig. 6 the film volume fractions. For the core, the ash
Fig. 4. Complex index of refraction of coal and ash. The IOR of coal was measured
for individual, cold particles prior to the combustion process [31] and for ash, it was
measured from ash particles pressed into a homogeneous, thin plate. [32].

Fig. 5. Volume fractions within the core. The results are calculated for 𝐷P,0 = 100 μm
for regime I–III.
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Fig. 6. Volume fractions within the film: Since there is no film in regime I, no volume
fractions for regime I are illustrated. The volume fractions of regime III equal the ones
of regime II. The results are calculated for 𝐷P,0 = 100 μm.

olume fraction is constant with 𝑓core,ash = 0.037. For regime I, the
ore volume fraction increases linearly, and the carbon volume fraction
ecreases linearly. This relation also means that the IOR of the particle
ecreases linearly due to Eq. (27). In regime II, the carbon and pore
olume fractions are constant for 0 < 𝐵 < 0.6 with 𝑓core,pore ≈ 0.35

and 𝑓core,carbon ≈ 0.6, respectively. The resulting IOR is also constant
since all volume fractions are constant for 0 < 𝐵 < 0.6. While the
pore volume slowly increases for 0.6 < 𝐵 < 0.9 to 𝑓core,pore ≈ 0.5,
the carbon volume fraction reduces to 𝑓core,carbon ≈ 0.45. Afterward,
the pore volume rapidly increases to 𝑓core,pore ≈ 0.97 for the remaining
conversion process, indicating a highly porous core after the conversion
process. In regime III, all volume fractions are constant. The decrease
in carbon volume causes the overall decrease of the core volume.

The resulting volume fractions of the film are displayed in Fig. 6.
Here, only the volume fractions of regime II are displayed, as the
regime III volume fractions equal the ones of regime II. The pore
volume fraction and the ash volume fraction jump directly to 𝑓f ilm,pore ≈
0.33 and 𝑓f ilm,ash ≈ 0.67. The initial discontinuity is generated by the
formation process of the ash film and its implementation in the CCK
model. Here, the parameters already integrated in the CCK model play
a decisive role. Thus, the ash density, porosity, pore volume from
experimental data, and ash particle size were implemented into the
CCK model. During almost the entire conversion process, the volume
fractions remain constant, and so does the ash film’s effective IOR.

3. Results

In this section, the resulting efficiencies, areas and phase functions
are compared for the kinetically limited regime (regime I), the pore dif-
fusion limited regime (regime II), and the film diffusion limited regime
(regime III). Then the result of simplified approach are compared to
these results.

3.1. Radiative properties of particles modeled in regimes I–III

Fig. 7 depicts the resulting absorption efficiency 𝑄Abs and the
absorption area 𝐴Abs depending on the burnout 𝐵. For the regimes
II and III, the absorption efficiency shows very similar results. Up to
𝐵 = 0.9, 𝑄Abs remains relatively constant, then decreases rapidly. The
rapid change in the value for 𝑄Abs is due to the sudden increase of ash
film for 𝐵 ≥ 0.9. Additionally, the overall porosity fraction increases
for 𝐵 ≥ 0.9, which explains the decrease in absorption. In contrast to
6

these results, the results of regime I show a significant deviation due o
Fig. 7. Absorption efficiency and area as a function of burnout for a starting diameter
of 𝐷P,0 = 100 μm.

o the constant particle size of 𝐷P,0 = 100 μm. Furthermore, the linear
ncrease in porosity also influences the internal structure and, thus, the
bsorption efficiency. The absorption efficiency shows a faster decrease
or 𝐵 > 0.5, and its final value at 𝐵 = 1.0 is ≈ 10% of 𝑄Abs,R.II. Fig. 7(b)
isplays the Absorption area, which equals the absorption efficiency
caled by the particle area. Here, the absorption area 𝐴Abs,R.III is always
arger than the remaining ones. 𝐴Abs,R.III is almost constant for 𝐵 < 0.5,
nd afterwards, it decreases to the same value as the absorption areas
f the other approaches. Particle clouds with the absorption properties
f regime III would result in higher radiation absorption and thus in a
igher heating rate.

Fig. 8 depicts the results for the scattering efficiency 𝑄Sca and
cattering area 𝐴Sca. Although, the overall trends of the three regimes
re different for 𝑄Sca, similar correlations between regime I, II and
II are conducted. Again, regime II and III nearly coincide, and a
arge difference between regime I to regime II/III is noticed. The only
ifference is a slightly higher deviation between 𝐴Sca,R.II and 𝐴Sca,R.III
or 𝐵 > 0.9. Furthermore, even for 𝐵 = 1.0, 𝐴Sca,R.I does not coincide
ith the remaining regimes II and III. Particle groups reacting in regime

II with higher scattering properties scatter more radiation. This means,
hat particles at the border of a particle group shield the inner particles
etter, resulting in less radiation interaction with particles in the middle
f particle groups.
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Fig. 8. Scattering efficiency and area as a function of burnout for a starting diameter
f 𝐷P,0 = 100 μm.

The phase functions are illustrated exemplarily for 𝐵 ∈ (0.1, 0.5, 0.9)
ith an initial particle of 𝐷P,0 = 100 μm in Fig. 9. These plots are

valuated to analyze the effects of burnout and regime dependent
odeling on the scattering phase function. The scattering angle 𝜃 de-

cribes the angle between incident radiation and outscattered radiation.
herefore, 𝜃 = 0° indicates the forward direction, and 𝜃 = 180°

ndicates the backward direction. For 𝐵 = 0.1, the deviations between
he regimes are negligible. The particle size of regimes I, II, and III
quals nearly 100 μm. Thus, even regime I coincides. With increasing
urnout, the deviation of regime I increases, due the particle different
ize and porosity. The phase function indicates pronounced forward
cattering and a negligible fraction of backward scattering compared
o the other approaches. The results for regimes II and III coincide for
ll burnouts, similar to the previous results. Only a small deviation in
he backscattering is noticed for 𝐵 = 0.9.

All in all, there are no differences between regimes II and III but
arge deviations between regimes I and II/III. These deviations originate
rom the size of the particle and its higher porous internal structure.
urthermore, the efficiencies are more sensitive to the changes during
he burnout than the phase function since there is almost no difference
etween the phase functions of regimes II and III. The following section
nvestigates whether it is essential to distinguish between film and core
r if a homogeneous distribution of carbon, ash, and pores (like in
7

egime I) is sufficient.
Fig. 9. Scattering phase function for 𝐷P,0 = 100 μm.

.2. Influence of internal structure on the accuracy

In this section, the radiative properties are additionally calculated
or a homogeneous sphere — no film and no core. The particle size
nd the volume fractions are taken from regime II, and from regime III,
espectively. Subsequently, the deviations 𝐸 between the results of the
omogeneous spheres and the coated ones are calculated with Eq. (28),
hich is exemplarily shown for regime II,

=
𝑄Abs,R.II −𝑄Abs,R.II,H (28)
𝑄Abs,R.II
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Fig. 10. Deviation of the results approximating the shape and internal structure by a
homogeneous sphere or a coated one. Blue indicates the deviation of regime II and red
the deviation of regime III. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

with 𝑄Abs,R.II,H representing the efficiency of the homogeneous sphere.
The resulting deviations are plotted in Fig. 10(a) and in Fig. 10(b)
for the efficiencies. As the ash film size increases with increasing
burnout, the deviation also increases. The local maximum deviation is
approximately at 𝐵 = 0.5 and decreases afterward. Here, a maximum
deviation is reasonable as the ratio between carbon and ash mass is
maximal. At 𝐵 = 1.0 the deviation peaks, as the porosity of the core
differs from the porosity of the film. However, even for this peak, the
deviation is below 10% and the overall mean deviation is below 10%
(for scattering, absorption, and for regimes II and III). Therefore, it is
unnecessary to model the exact internal structure (film & core). Only
the particle size and its overall composition are essential. The same
findings hold true for the phase function.

3.3. Simplified approaches

In this section, five simplified approaches are suggested for model-
ing the radiative properties burnout-dependent. A homogeneous sphere
is assumed in all approaches, so, there is no distinction between core
and ash film; thus, the standard Mie theory is applied. The particle size
is taken from regime II, as well as the volume fractions.
8

z

Fig. 11. Deviation of the simplified approaches to the results of regime II calculated
by applying 𝐸 = 𝑄Abs,R.II−𝑄Abs,SA

𝑄Abs,R.II
. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

• Simplified approach 1 (SA1)
IOReff = IORcoal ⋅ (1 − 𝑓pore) + 𝑓pore for 0 < 𝐵 < 0.5
IOReff = IORash ⋅ (1 − 𝑓pore) + 𝑓pore for 𝐵 ≥ 0.5

• Simplified approach 2 (SA2)
IOReff = (IORcoal ⋅ (1 − 𝐵) + IORash ⋅ 𝐵) ⋅ (1 − 𝑓pore) + 𝑓pore

• Simplified approach 3 (SA3)
IOReff = (IORcoal ⋅ (1 − 𝐵12.4) + IORash ⋅ 𝐵12.4) ⋅ (1 − 𝑓pore) + 𝑓pore

• Simplified approach 4 (SA4)
IOReff = IORcoal for 0 < 𝐵 < 0.5
IOReff = IORash for 𝐵 ≥ 0.5

• Simplified approach 5 (SA5)
IOReff = IORcoal ⋅ (1 − 𝐵) + IORash ⋅ 𝐵

SA4 and SA5 are typically used in CFD simulation. Here, their
accuracy is tested. Furthermore, SA1 and SA2 represent SA4 and SA5
considering the pores. SA3 was derived in this study. The exponent 12.4
was derived by minimizing the difference between the results of regime
II and SA3 by altering the exponent.

The absorption efficiency deviation is illustrated in Fig. 11. Green
indicates SA1, purple SA2, where the dashed line differentiate between
the case without pores (SA4 and SA5). Black indicates the results for
applying SA3.

SA1, SA2 and SA3 indicate small deviations for 𝐵 < 0.5, while the
deviations of SA1 and SA2 increase for 𝐵 > 0.5. The influence of the
ash content is overestimated by all three approaches (especially for
SA1). Overall, for 𝐵 > 0.5 the mean deviation 𝐸SA1 is 20.92%, for 𝐸SA2
8.87% and for 𝐸SA3 1.99%. If the pores are neglected (SA4 and SA5),
the overall mean deviation decreases. However, these approaches have
a constant set off for the entire conversion process. As the porosity
increases for 𝐵 > 0.9 the deviation increases rapidly and reaches devia-
tions larger than 50%. Only the proposed approach (SA3) indicates for
the entire conversion process an adequate approximation of the realistic
simulation.

Since SA3 resulted in the slightest deviation from coupling the CCK
output with the radiation calculation, Fig. 12 illustrates the deviations
of SA3 compared to the deviations of the simplified approaches by
Gronarz et al. [18] and Guo et al. [19]. Similar to the approaches
neglecting the porosity (cf. Fig. 11), the model by Guo et al. (deviation
in red) indicates for 𝐵 < 0.5 a constant offset. This offset results from
n underestimation of the particle porosity. With increasing burnout B,
he particle porosity predicted by Guo et al. increases, thus decreasing
he deviation. However, for 𝐵 = 1, the approach by Guo et al. assumes
ero porosity. Therefore, the deviation peaks for 𝐵 > 0.9 to over
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Fig. 12. Deviation of the simplified approach 3 and of the approaches by Gronarz
t al. and Guo et al. to the results of regime II calculated by applying 𝐸 = 𝑄Abs,R.II−𝑄Abs,i

𝑄Abs,R.II
.

For interpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

Abs = 40%. Although the model by Gronarz et al. (deviation in blue)
eglects the porosity entirely, it indicates slighter deviations than the
pproach by Guo et al. for 𝐵 < 0.8. The approach by Gronarz et al.
pproximates the core diameter, the fraction of ash and the carbon
iameter more precisely. However, as the porosity fraction is distinctive
or an accurate calculation of the radiative properties for 𝐵 > 0.9, the
eviation of Gronarz et al. approach peaks also to a value 𝐸Abs = 40%.

The scattering phase function was also investigated. However, the
eviations of the approaches are negligible, as long as porosity is
onsidered.

.4. Influence of initial particle diameter 𝐷P,0

As explained in Section 2.2, the radiative properties of a single
article depend on its diameter. To evaluate the influence of the initial
article diameter 𝐷P,0, the investigations presented in previous Sections
.1–3.3 are repeated for 𝐷P,0 = 30 μm & 60 μm. Similar correlations are
onducted, however, the smaller the initial particle diameter, the larger
he deviations between the results of the simplified approaches and the
esults of regime II. The mean deviation for 𝐵 > 0.5 for SA1 is 53.80%,
or SA2 27.11% and for SA3 0.99%. Furthermore, the influence of the
orosity on the accuracy increases. Here, the overall deviation increases
nd the peak deviation for 𝐵 > 0.9 increases to 𝐸 > 100%.

. Conclusion & outlook

In the presented study, the radiative properties of a single particle
ere calculated considering its conversion process during combustion.
or this, the conversion process was calculated by applying the CCK
odel. Its output was used as input for a modified Mie theory, where
single particle consists of a homogeneous core and a homogeneous

oating. The homogeneous core represented the uniform mixing of
sh, carbon, and pores, and the homogeneous coating represented
he porous ash film. Then, the internal structure of the particle was
odeled for three regimes: (1) the conversion evolves uniformly and is

olely limited by the intrinsic reaction rate (kinetically limited regime);
hus, ash, carbon, and pores are distributed uniformly within the par-
icle — the particle size is constant; (2) the conversion is higher at
he particle surface than at the particle center (pore diffusion limited
egime) and (3) the conversion only takes place at the particle surface
film diffusion limited regime). For these three regimes, the radiative
roperties were calculated and compared. Furthermore, five simplified
9

o

pproaches were tested, where two approaches neglected the porosity
ontent.

The following conclusions are drawn:

• With increasing burnout, the absorption efficiency decreases and
the scattering efficiency increases. The rapid change for 𝐵 > 0.8
is related to the increase in the highly porous ash film.

• It is not necessary to distinguish between core and film as long
as the proper volume fractions are known for the entire particle.
Neglecting the porosity yields a constant offset for 𝐵 < 0.5 and
the pores influence especially the results for 𝐵 > 0.9. Therefore,
all approaches neglecting porosity are not suited for ash particles
(or to be precise for 𝐵 > 0.9). This includes the approach by Guo
et al., as zero porosity is assumed for the ash particle in their
model. All in all, the correct porosity fraction is a mandatory
value for modeling radiative properties for 𝐵 > 0.9 and approxi-
mating the porosity fraction precisely has to be included even in
a simplified approach.

• There are no differences between the results of regimes II and
III but large deviations between the results of regimes I and
II/III. These deviations originate from the size of the particle
and its higher porous internal structure. Therefore, if coupling
of the radiative properties to the output of the CCK model is
unavailable and a simplified approach is applied, the simplified
approach must distinguish between a particle reacting in regime
I and regime II/III.

• Simplified approaches to formulate an effective refractive index
were tested for regime II. Neither a jump function, where the IOR
of coal was used for the entire particle for a burnout 𝐵 < 0.5
and the IOR of ash for 𝐵 > 0.5, nor the linear mixing of the
IOR of coal and ash result in an adequate approximation of the
efficiencies calculated by the conversion in regime II. Non-linear
mixing of the IOR, where the IOR of coal is more dominant during
the conversion than the IOR of ash, result in an appropriate
approximation. In contrast to the efficiencies, the scattering phase
function is less sensitive to errors when modeled by any simplified
approach.

• Particles with smaller initial particle diameter 𝐷P,0 result in larger
deviations of the simplified approaches. Also the influence of
porosity fraction on the accuracy is more distinctive.

Although, these results are based on a particle reacting in an oxy-
uel atmosphere, the results and the coupling procedure are transferable
o an air atmosphere.

Future work will investigate how the simplified approach affects
he full combustion process of an industrial furnace compared to the
oupled approach.
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