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Abstract: In this paper, a three-dimensional (3-D) high-temperature furnace filled with a gas-solid
medium was investigated, and the radiative transfer equation and the radiative entropy transfer
equation in the chamber were applied in order to analyze the effect of coal deposits on thermal
radiation. The heat flux on the walls of the furnace and the entropy generation rate were determined
due to the irreversibility of the radiative heat transfer process in the furnace. Furthermore, the effect
of ash deposits on the wall surface on the irreversibility of the radiation heat transfer process was
investigated. The numerical results show that when burning bituminous and sub-bituminous coal,
ash deposits in the furnace led to a 48.2% and 63.2% decrease in wall radiative heat flux and a 9.1%
and 12.4% decrease in the radiative entropy rate, respectively. The ash deposits also led to an increase
in the entropy generation number and a decrease in the thermodynamic efficiency of the radiative
heat transfer process in the furnace.

Keywords: thermal radiation; thermodynamic irreversibility analysis; radiative entropy generation;
coal ash deposits

1. Introduction

In order to mitigate carbon emission caused by coal combustion and achieve the aim
of carbon neutrality, it is necessary to improve the efficiency of coal-fired boiler furnaces
and reduce coal consumption [1–3]. According to the second law of thermodynamics, the
thermodynamic irreversibility of the heat transfer process in a boiler furnace leads to a
certain loss of available work, and it will further affect the efficiency of coal-fired boiler
furnaces. [4,5]. Considering that thermal radiation is the main mode of heat transfer in
coal-fired furnaces, it is of great interests to investigate thermodynamic irreversibility due
to radiative heat transfer in high-temperature coal-fired furnaces [6].

Entropy generation is an important parameter in the thermodynamic analysis, and
it is associated with thermodynamic irreversibility. So, theoretical analysis of radiative
entropy generation (REG) is the basis for the analysis of irreversibility in high-temperature
furnaces. The conduction and validation of REG are based on the establishment of a
radiative entropy transfer model [7–9]. Considering a high-temperature system filled with
radiative medium and surrounded by an opaque solid wall, the REG is found from the
irreversibility of the absorption, emission and scattering processes of the medium [7] and
the radiative heat transfer on the wall [8]. Based on the numerical solution of REG, the
effects of medium temperature and radiative properties of medium and wall on REG
in a one-dimensional (1-D) high-temperature system furnace with different boundary
conditions were investigated numerically [10–12].

Besides the above-mentioned investigation, Makhanlall [13] derived the REG in a
gray gas-particle two-phase medium and conducted validation through the Gouy–Stodola
theorem. It is obvious that this analytical method is better suited to the practical industrial
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furnace situation. Therefore, this approach was applied to various problems of thermo-
dynamic analysis of high-temperature systems including 1-D high-temperature systems
with participating medium including CO2, H2O, even soot [14,15], lab-scale hydrocarbon
diffusion flames [16–18], as well as practical combustion facilities [19–21]. During the above
studies, it was found that the thermodynamic role of thermal radiation in the combust-
ing flows should be paid more attention, and the variation in temperature and radiative
properties in combustion chambers would have crucial effects on REG.

In the actual operation of coal-fired boiler furnaces, ash that arises even in complete
combustion inevitably forms deposits on the wall and heat exchanger surfaces of the
furnace due to mineral and slag formation during combustion [22]. These ash deposits
decrease the boiler performance by being the leading obstacles to heat transfer [23–25].
Specifically, the ash deposits influence thermal radiation significantly because they alter
wall emissivity [26,27]. From the point of view of the second law of thermodynamics, the
ash deposits will have a significant effect on the REG and thermodynamic efficiency of
radiative heat transfer in a furnace. The evaluation of the effect of ash deposits on REG
is of great importance for the operation and design of a furnace. However, few works
have focused on REG analysis of thermal radiation in coal-fired furnaces caused by coal
ash deposits. Only Zhang and Lou [28] preliminarily analyzed the impact of wall spectral
emissivity on the spectral characteristics of heat flux and REG in a high-temperature three-
dimensional (3-D) enclosure, in which wall spectral emissivity was set as 1 in special spectral
ranges but 0.2 in other wavelengths. Actually, the radiative properties (emissivity and
reflectivity) of coal ash deposits can be determined by measurement of the radiation emitted
or reflected from the object at a known temperature [29–31]. Furthermore, Baxter et al. [30]
developed a method for implementing in situ measurements of ash deposit emissivity.
The measurements were performed using an apparatus consisting of a heating device,
optics, and a Fourier transform infrared (FTIR) emission spectrometer. Moore et al. [31]
also used the method to measure the spectral emittance of deposits left after burning
bituminous and sub-bituminous coals in situ. Additionally, some measurement results
for the thermoluminescence properties of gamma irradiated clinker and Portland cement
were analyzed [32–34]. The results showed that the gamma intensity depends on the
dopants and their concentration, and it decreases with the increase in the thickness of the
considered shields.

In general, the emissivity of coal ash deposits has been measured, and the numerical
model of the REG has been proposed. However, to the best of the author’s knowledge,
no work has been reported to evaluate the effect of ash deposits on REG. In this paper, a
thermodynamic analysis model in a 3-D coal-fired furnace was established. Among the
radiation media considered, solid particles due to incomplete combustion of pulverized
coal were considered for the first time. Then, the heat flux and REG in the furnace were
obtained based on the measured wall emissivity with ash deposits. Moreover, the effect of
wall spectral emissivity on the spectral characteristics of heat flux and entropy generation
were analyzed.

2. Numerical Models and Formulation
2.1. Formula for REG Rate

The 3-D coal-fired furnace considered in this paper was assumed to mainly contain non-
gray gases (CO2 and H2O) and particles (soot, char and ash particle), and to be surrounded
by non-gray walls. According to previous studies of REG analysis [8,9,13–15], the total
REG is caused by the irreversibilities of three processes. They are: (1) the absorption and
emission processes of CO2, H2O, soot, char and ash particles; (2) the scattering process of
char and fly ash; and (3) the absorption, emission, and reflection processes on the wall.

The local REG rates due to the absorption and emission processes of CO2, H2O, soot,
char and fly ash particle are S′′′ae,CO2

, S′′′ae,H2O, S′′′ae,soot, and S′′′ae,p, respectively. Hence, the local
REG rate due to the absorption and emission processes of medium S′′′ae equals the sum of
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S′′′ae,CO2
, S′′′ae,H2O, S′′′ae,soot, and S′′′ae,p, which are as given in [12,14]:

S′′′ae,CO2
(r) = − ∑

bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωjkgi ,∆η,CO2

[
Ib,η(r)− I∆η,ij(r, s)

][
1

T(r) −
1

Tη,ij(r,s)

]
dΩ∆η,

S′′′ae,H2O(r) = − ∑
bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωjkgj ,∆η,H2O

[
Ib,η(r)− I∆η,ij(r, s)

][
1

T(r) −
1

Tη,ij(r,s)

]
dΩ∆η,

S′′′ae,soot(r) = − ∑
bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωjkη,soot

[
Ib,η(r)− I∆η,ij(r, s)

][
1

T(r) −
1

Tη,ij(r,s)

]
dΩ∆η,

S′′′ae,p(r) = − ∑
bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωjkη,p

[
Ib,η(r)− I∆η,ij(r, s)

][
1

T(r) −
1

Tη,ij(r,s)

]
dΩ∆η,

(1)

where T is the temperature of the gas and particles; Ib,η is the spectral blackbody radiative
intensity at temperature T; Tη,ij is the spectral radiative temperature, which can be obtained
through substituting the blackbody intensity by an arbitrary monochromatic intensity [7];
I∆η,ij is the spectral radiative intensity, which can be obtained by solving the radiative
transfer equation (RTE); kgi ,∆η,CO2 , kgj ,∆η,H2O, kη,soot and kη,p are the spectral absorption
coefficients of the CO2, H2O, soot, char and ash particles, respectively; ωi and ωj are the
weights of the ith and jth quadrature points; and Nq is the number of quadrature points.

The local REG due to the scattering process of char and ash particles S′′′s is as given
in [8]:

S′′′s,p(r) = ∑
bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωjση,p

(
1

4π

∫
Ω′

I∆η(r, s′)
Tη(r, s′)

Φ
(
s, s′

)
dΩ′ −

I∆η(r, s)
Tη(r, s)

)
dΩ∆η, (2)

where ση,p is the spectral scattering coefficient of char and ash particles.
The local REG rate due to the absorption, emission, and reflection processes on the

wall S′′W is given as in [8,9]:

S′′W(rW) = ∑
bands

∫
Ω

Nq

∑
i=1

Nq

∑
j=1

ωiωj

[ I∆η,ij(rW , s)
TW

− Lη(rW , s)
]
(nW , s)dΩ∆η, (3)

where Lη is the spectral radiative entropy intensity, and TW is the wall temperature.
The total REG rate can be defined by the sum of the local terms as:

SG =
∫

V
S′′′ae(r)+S′′′s (r)dV +

∫
A

S′′′W(rW)dA. (4)

Furthermore, based on the calculation of the total REG rate, the entropy generation
number (EGN) characterizing the degree of irreversibility of the radiative heat transfer
process is as given in [9]:

M =
SG · T0

Q
, (5)

where T0 is the ambient temperature, which is set as 300 K.

2.2. Solution of Radiative Heat Transfer

From Equations (1)–(3), it can be seen that the RTE for the 3-D furnace should be solved
to obtain the spectral radiative intensity. The temperatures of gases and particles in the furnace
are the same at thermal equilibrium. Considering the non-gray spectral radiative properties
of gases and particles, the RTE for a narrow-band ∆η can be calculated as:

dIij,∆η(r,s)
ds =

(
kgi ,∆η,CO2 + kgj ,∆η,H2O + kη,soot + kη,p

)
Ib,η(r)

−
(

kgi ,∆η,CO2 + kgj ,∆η,H2O + kη,soot + kη,p

)
Igi∆η(r, s)

+
ση,p
4π

∫
4π Φ(s, s′)Igi∆η(r, s′)ds′,

(6)
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where Igi∆η is the corresponding radiative intensity under the distribution function value
g in the narrow-band ∆η; Ib,η is the spectral radiative intensity of the black body under
the central wavenumber in the narrow band ∆η; kη,soot, kη,p and ση,p can be obtained by
Rayleigh’s theory and Mie theory with the known volume fractions of soot, char and ash
particles, respectively [35].

The statistical narrow band correlated-k (SNBCK) model was used to obtain the
spectral absorption coefficients of CO2 and H2O [36]. In the SNBCK model, the total
spectrum is divided into multiple narrow bands. In each narrow band, the spectral radiative
intensity of a blackbody does not vary with wavenumber. The actual absorption coefficient
distributions of gases can be expressed by the f distribution and the g distribution. Since
the g distribution function increases monotonically, the calculation of average radiative
intensity can be simplified via using a Gauss–Lobatto quadrature scheme. Furthermore,
the average spectral radiative intensity in the narrow band ∆η can be calculated as:

I∆η =
Nq

∑
i=1

Nq

∑
j=1

ωiωj Iij,∆η . (7)

Additionally, the local radiative heat flux density q and total heat flux Q on the wall
can be calculated as follows:

q(rW) = ∑
bands

∫
4π

I∆η(rW)(nW · s)dΩ∆η, (8)

Q =
∫

W
q(rW)dA. (9)

3. Numerical Procedure

In addition, considering the coal ash deposits on the wall surface, the spectral emit-
tance of deposits used in this paper came from the in situ measured results by Moore et al. [31]
using FTIR. These parameters were the input values to solve the RTE and obtain the REG.

3.1. Simplified Combustion Model

The simplified combustion model was established to evaluate gas radiation models
for radiative heat transfer in a 3-D real-size virtual coal-fired furnace by Kez et al. [31].
The coal-fired furnace is approximated by a rectangular enclosure with the dimensions
of Lx × Ly × Lz = 20 m × 20 m × 50 m, in which the temperature and concentrations can
be prescribed through the analysis of thermodynamic state of the unburned coal-oxidizer
mixture and given as [35]:

Φ(r) = fr(r)ΦW + (1− fr(r))ΦC, (10)

where Φ is the physical quantity including the temperature and mole fractions of CO2

and H2O, r =
[
(x− Lx/2)2 +

(
y− Ly/2

)2
]0.5

is the distance to center-line, fr is the radial
factor, and the subscripts W and C represent the positions along the wall and the center-line,

respectively. A third-order polynomial function of fr(r) =
(

min
(

2r
Lx

, 1
))3

is given to
simulate the realistic distribution along the radial direction.

For the temperature distribution inside the furnace, the distribution along the wall TW
is set to 973 K, while the distribution along the center-line is given as:

TC = (1− fa)

[
BV

Tad
2

+ Bchar
Tad
2

+ (2− BV − Bchar)Tin

]
+ faTexit, (11)

where fa = z/Lz is the axial factor; Tad, Tin, and Texit are the adiabatic temperature (2663 K),
inlet temperature (600 K) and exit temperature (1523 K) of the medium, respectively;
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BV = (z/Lz)
0.2 and Bchar = 0.2(z/Lz)

0.1 are the burnout ratios of volatiles and char,
respectively. Taking TW and TC into Equation (10), the temperature distribution inside the
furnace can be obtained.

For the mole fractions of gases inside the furnace, the distributions along the wall and
center-line are given by:

ΦW,m f = BVΦV,m f + BcharΦchar,m f + Φin,m f ′

ΦC,m f = Bchar

(
Φchar,m f + ΦV,m f

)
+ Φin,m f .

(12)

where ΦW,m f and Φchar,m f are the mole fractions produced by combustion of volatiles and
char, respectively; Φin,m f is the mole faction entering the domain. Herein, CO2 and H2O are
considered as the radiating gaseous species. In the air-based coal-fired furnace, Φin,m f = 0
for both CO2 and H2O; ΦV,m f = 0.0636 and Φchar,m f = 0.0909 for CO2; ΦV,m f = 0.0744 and
Φchar,m f = 0 for H2O [37].

For the volume fraction of char and ash particle, under the assumption of the ash
wrapped in the exterior of spherical char core and considering the diameter change of
during combustion, the volume fraction of particle fp is given as [37]:

Dcore = Dcore,in(1− Bchar)
α, (13)

Dp = 3
√

D3
p,in − D3

core,in + D3
core, (14)

fp = fp,in ·
D3

p

D3
p,in

, (15)

where α is the structural parameter, Dcore,in and Dp,in are the diameters of core and particle
entering the domain, respectively, and fp,in is the volume fraction of particle entering the
domain. Dcore and Dp are the diameters at the burnout ratio of Bchar, respectively. Herein,
α = 0.25, Dp,in = 60 µm, and Dcore,in = 0.45Dp,in [38]. For the soot, the volume fraction of
soot in the furnace is set as uniformly distributed at 5 ppm.

According to the simplified combustion model, distributions of temperature, CO2
concentration and H2O concentration in a two-dimensional cross section at the midline
(y = 25 m) of the furnace are given in Figure 1a, Figure 1b, and Figure 1c, respectively.
Meanwhile, the distribution of particle concentration with height is given in Figure 1d.
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3.2. Spectral Emittance of Deposits

Using an FTIR spectrometer, the spectral emittance of deposits left by burning bitumi-
nous and sub-bituminous coals were in situ measured between 3000 and 500 wavenumbers
by Moore et al. [30]. As shown in Figure 2, both spectral emittance distributions of the
bituminous and sub-bituminous ash deposits varied the deposition time. These measured
history data of spectral emittance could be used to investigate the REG variation during the
deposit growth. In the work, the bituminous coal sample was an Illinois #6 formation (rep-
resented by bituminous coal (Illinois #6 in the following text)), and the sub-bituminous coal
sample was a Powder River Basin formation from Wyoming (represented by bituminous
coal (Wyoming in the follow text)). The analytical results for the coal samples showed that
the percentages of elements C, H, N, S and O were 57.97%, 4.27%, 1.08%, 3.33% and 8.85%
in the bituminous coal (Illinois #6), respectively. The percentages of elements C, H, N, S
and O were 71.45%, 6.02%, 1.1%, 0.17% and 21.26% in the sub-bituminous coal (Wyoming),
respectively [32]. The component with the highest proportion in the two kinds of coal
samples was SiO2. The proportions of SiO2 were 51.17% and 28.7% in the bituminous coal
(Illinois #6) and sub-bituminous coal (Wyoming), respectively [32]. The detailed analysis
results are given in Ref. [32]. Meanwhile, Fe2O3 content has a strong influence on the
emittance of coal ash; higher Fe2O3 content in the bituminous coal leads to higher spectral
emittance [39,40]. According to the analytical results, the proportion of Fe2O3 was 17.73%
in the bituminous coal (Illinois #6) and 10.2% in the sub-bituminous coal (Wyoming). So, it
is predictable that the emissivity of the bituminous coal (Illinois #6) is higher than that of
the sub-bituminous coal (Wyoming).
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4. Results
4.1. Distributions of the Local Heat Flux Density and the Local REG Rate on the Wall

Figure 3 shows the distribution of the local heat flux density of the wall when burning
bituminous coal (Illinois #6). From the figure, it can be seen that the heat flux density
is higher near the centerline of the wall, and the highest heat flux on the wall is near
the height of 15.7 m, which is mainly due to the highest temperature of the medium at
this height and the strongest radiation heat transfer process. As the height continues to
increase, the radiative heat flux gradually decreases due to the decreasing temperature
of the medium, and there is a slight increase at the exit of the furnace. Because a furnace
with large dimensions and high optical thickness is considered, the radiative heat transfer
develops towards thermal diffusion [41], and the local wall heat flux density is related with
the temperature gradient of the medium near the wall. Furthermore, as shown in Figure 1,
in the region near the wall, the temperature gradient of the medium increases first and
decreases with the height and has a maximum at 16.2 m. It is similar with the local heat flux
density. As the burning time increases, the emissivity of the wall gradually decreases, and
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correspondingly, the heat flux density at the wall gradually decreases. As the burning time
increases, the heat flux at the wall gradually stabilizes. The maximum value of heat flux
density is reduced from 32.5 kW/m2 to 22.87 kW/m2 (decreasing 29.7%), and the total heat
flux is reduced from 97.41 MW to 50.42 MW (decreasing 48.2%). It also indicates that the
effect of ash deposits on the radiation heat transfer process in the furnace is very obvious,
and reducing ash deposits can effectively improve the operation of the furnace.
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deposit; (b) sub-bituminous ash deposit. 

4. Results 
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Figure 3 shows the distribution of the local heat flux density of the wall when burning 
bituminous coal (Illinois #6). From the figure, it can be seen that the heat flux density is 
higher near the centerline of the wall, and the highest heat flux on the wall is near the 
height of 15.7 m, which is mainly due to the highest temperature of the medium at this 
height and the strongest radiation heat transfer process. As the height continues to in-
crease, the radiative heat flux gradually decreases due to the decreasing temperature of 
the medium, and there is a slight increase at the exit of the furnace. Because a furnace with 
large dimensions and high optical thickness is considered, the radiative heat transfer de-
velops towards thermal diffusion [41], and the local wall heat flux density is related with 
the temperature gradient of the medium near the wall. Furthermore, as shown in Figure 
1, in the region near the wall, the temperature gradient of the medium increases first and 
decreases with the height and has a maximum at 16.2 m. It is similar with the local heat 
flux density. As the burning time increases, the emissivity of the wall gradually decreases, 
and correspondingly, the heat flux density at the wall gradually decreases. As the burning 
time increases, the heat flux at the wall gradually stabilizes. The maximum value of heat 
flux density is reduced from 32.5 kW/m2 to 22.87 kW/m2 (decreasing 29.7%), and the total 
heat flux is reduced from 97.41 MW to 50.42 MW (decreasing 48.2%). It also indicates that 
the effect of ash deposits on the radiation heat transfer process in the furnace is very ob-
vious, and reducing ash deposits can effectively improve the operation of the furnace. 
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Figure 3. The distribution of the local heat flux density of the wall when burning bituminous coal 
(Illinois #6). 

Figure 3. The distribution of the local heat flux density of the wall when burning bituminous coal
(Illinois #6).

Figure 4 shows the distribution of the local heat flux density of the wall when burning
sub-bituminous coal. Comparing the heat flux distribution when burning bituminous coal
(Illinois #6) in Figure 3, we find that the difference in the type of coal does not significantly
change the local heat flux distribution. The local heat flux density still has a peak near the
centerline of the wall when sub-bituminous coal is burned. From Figures 2b and 4, the heat
flux decreases when the emissivity of the wall decreases with time, while the distribution
of local heat flux on the wall gradually stabilizes when the combustion time is 190 min.
Comparing the initial condition without ash deposits on the wall with the condition after
358 min, when the radiation on the wall and in the furnace stabilizes, the maximum value
of heat flux density is reduced from 32.5 kW/m2 to 15.84 kW/m2 (decreasing 29.7%) and
the total heat flux is reduced from 98.43 MW to 35.82 MW (decreasing 63.6%). Comparing
the values of wall heat flux when burning bituminous coal (Illinois #6) and sub-bituminous
(Wyoming), it can be seen that the ash deposits have a more serious weakening effect on the
radiative heat transfer process when burning sub-bituminous coal (Wyoming), due to the
lower emissivity of ash deposits on the wall and lower Fe2O3 content in the sub-bituminous
coal (Wyoming).
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Figure 5 shows the distribution of the local REG rate on the wall when burning
bituminous coal (Illinois #6). From Figures 3 and 5, it can be seen that the distribution of the



Materials 2023, 16, 799 8 of 12

local REG rate on the wall, similarly to the distribution of local radiative heat flux density
on the wall, shows a trend of higher local REG rates near the centerline and lower local
radiative entropy rates on both sides. The local REG rate reaches a maximum value at the
centerline at a height of about 13 m. As the combustion time increases, the ash deposits on
the wall gradually increase, and the emissivity of the wall gradually decreases (as shown
in Figure 2). In addition, the radiative heat transfer process in the furnace is weakened,
and the REG rate on the wall gradually decreases. Comparing the REG rate at the initial
time without ash deposits and at the final time (132 min) when the radiative heat transfer
process in the furnace reaches a steady state, the maximum value of the local REG rate on
the wall decreases from 8.4 W/(Km2) to 6.2 W/(Km2). The reduction rate reaches 26.2%.
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4.2. Total REG Rate 
Figures 7 and 8 show the variations in total entropy generation rate and entropy gen-

eration rate due to various reasons (including gas radiation, soot radiation, particle radi-
ation and wall radiation) during the combustion of bituminous coal (Illinois #6) and sub-
bituminous coal (Wyoming), respectively. It can be found that the radiation entropy gen-
eration rate in the furnace is mainly due to the irreversibility of the absorption and emis-
sion processes of the particles in the furnace. Among the considered conditions, entropy 
generation caused by particle radiation is slightly higher than the entropy generation rate 
caused by soot radiation. Over time, among the radiation entropy generation rates due to 
various reasons, the most significantly affected is the entropy generation rate due to the 
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Figure 6 shows distribution of the local REG rate on the wall when burning sub-
bituminous coal. From the figure, it can be seen that the REG rate decreases with time
due to the decrease in wall emissivity. The local REG rate on the wall gradually stabilizes
when the combustion time is 190 min. Comparing the initial time of the wall without ash
deposits and the final time when the radiation on the wall and in the furnace has stabilized,
the peak value of the local radiation entropy generation rate on the wall decreases from 8.4
W/m2 to 5 W/m2, for a reduction rate of 35.7%. This indicates that the combustion process
in a coal-fired boiler has a very significant impact on the irreversibility of radiative heat
transfer on its walls. Additionally, comparing Figures 3 and 5, and Figures 4 and 6, it can
be seen that the distribution of the local radiation entropy generation rate at the wall is very
similar to the distribution of local heat flow density. The reason is that the enhancement
of radiative heat transfer in the local region increases the thermodynamic irreversibility.
Meanwhile, the decrease in REG when burning sub-bituminous coal (Wyoming) is also
larger than that when burning bituminous coal (Illinois #6).

Materials 2023, 16, x FOR PEER REVIEW 9 of 13 
 

 

104 min76 min32 min
0.0

1.2

2.4

3.6

4.8

6.0

7.2

8.4
Sw (W/(Km2))

0 min

0 10 20

0

10

20

30

40

50

x (m)

y 
(m

)

132 min
 

Figure 5. The distribution of the local REG rate on the wall when burning bituminous coal (Illinois 
#6). 

Figure 6 shows distribution of the local REG rate on the wall when burning sub-bi-
tuminous coal. From the figure, it can be seen that the REG rate decreases with time due 
to the decrease in wall emissivity. The local REG rate on the wall gradually stabilizes when 
the combustion time is 190 min. Comparing the initial time of the wall without ash depos-
its and the final time when the radiation on the wall and in the furnace has stabilized, the 
peak value of the local radiation entropy generation rate on the wall decreases from 8.4 
W/m2 to 5 W/m2, for a reduction rate of 35.7%. This indicates that the combustion process 
in a coal-fired boiler has a very significant impact on the irreversibility of radiative heat 
transfer on its walls. Additionally, comparing Figure 3 and Figure 5, and Figure 4 and 
Figure 6, it can be seen that the distribution of the local radiation entropy generation rate 
at the wall is very similar to the distribution of local heat flow density. The reason is that 
the enhancement of radiative heat transfer in the local region increases the thermody-
namic irreversibility. Meanwhile, the decrease in REG when burning sub-bituminous coal 
(Wyoming) is also larger than that when burning bituminous coal (Illinois #6). 

0.0

1.2

2.4

3.6

4.8

6.0

7.2

8.4
Sw (W/(Km2))

358 min340 min290 min190 min90 min20 min0 min

0 10 20

0

10

20

30

40

50

x (m)

y 
(m

)

 
Figure 6. The distribution of the local REG rate on the wall when burning sub-bituminous coal (Wy-
oming). 

4.2. Total REG Rate 
Figures 7 and 8 show the variations in total entropy generation rate and entropy gen-

eration rate due to various reasons (including gas radiation, soot radiation, particle radi-
ation and wall radiation) during the combustion of bituminous coal (Illinois #6) and sub-
bituminous coal (Wyoming), respectively. It can be found that the radiation entropy gen-
eration rate in the furnace is mainly due to the irreversibility of the absorption and emis-
sion processes of the particles in the furnace. Among the considered conditions, entropy 
generation caused by particle radiation is slightly higher than the entropy generation rate 
caused by soot radiation. Over time, among the radiation entropy generation rates due to 
various reasons, the most significantly affected is the entropy generation rate due to the 

Figure 6. The distribution of the local REG rate on the wall when burning sub-bituminous coal
(Wyoming).



Materials 2023, 16, 799 9 of 12

4.2. Total REG Rate

Figures 7 and 8 show the variations in total entropy generation rate and entropy
generation rate due to various reasons (including gas radiation, soot radiation, particle
radiation and wall radiation) during the combustion of bituminous coal (Illinois #6) and
sub-bituminous coal (Wyoming), respectively. It can be found that the radiation entropy
generation rate in the furnace is mainly due to the irreversibility of the absorption and
emission processes of the particles in the furnace. Among the considered conditions, en-
tropy generation caused by particle radiation is slightly higher than the entropy generation
rate caused by soot radiation. Over time, among the radiation entropy generation rates due
to various reasons, the most significantly affected is the entropy generation rate due to the
radiation process on the furnace wall. The ash deposits directly affect radiation processes
on the wall, which further leads to obvious change in the wall radiation REG. The radiative
heat transfer process of the medium in the furnace is indirectly affected after the wall
radiation change, so the effect of the ash deposits on REG in the medium is relatively lower.
In the case of burning bituminous coal (Illinois #6), the total radiation entropy generation
rate in the furnace at the initial time (no ash deposits on wall) is 66,825 W/K. As the
burning time increases, the ash deposits on the walls increase, and when the burning time
is 132 min, the entropy generation rate in the furnace decreases to 60,701 W/K (decreasing
9.1%). When burning sub-bituminous coal (Wyoming), the total entropy generation rate
decreases from the initial time to 358 min and from 67,524 W/K to 59,007 W/K (decreasing
12.4%). Meanwhile, in terms of entropy generation number, it can also be found that the
entropy generation number of the radiative heat transfer process in the furnace is also
increasing with the increase in combustion time due to the ash deposits on the wall. It also
indicates that the ash deposits on the wall not only lead to the weakening of the radiation
heat transfer process in the furnace, but also cause a reduction in the efficiency of the
radiative heat transfer process.
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Figure 7. The total entropy generation rate and entropy generation rate due to various reasons during
the combustion process of bituminous coal (Illinois #6).

At the same time, comparing the REG rate and entropy generation numbers in the
case of burning bituminous coal (Illinois #6) and sub-bituminous coal (Wyoming), it can be
found that the difference in the total REG rate is not significant for the two kinds of coal.
However, in the case of burning sub-bituminous coal (Wyoming), the entropy generation
number of the radiative heat transfer process in the furnace is much higher than that of
radiative heat transfer with bituminous coal (Illinois #6) combustion. According to the
analytical results for the two types of coal, the Fe2O3 content of bituminous coal (Illinois #6)
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is higher than that of sub-bituminous coal (Wyoming), and the corresponding emissivity
is higher. This leads to a further increase in REG and a decrease in entropy generation
number. Therefore, the coal with higher Fe2O3 content is suggested to be selected in the
operation of a furnace.
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Figure 8. The total entropy generation rate and entropy generation rate due to various reasons dur-
ing the combustion process of sub-bituminous coal (Wyoming). 

5. Conclusions 
In this paper, we considered a 3-D high-temperature furnace filled with a gas-solid 

medium and analyzed the effect of ash deposits on the irreversibility and thermodynamic 
efficiency of radiative heat transfer in the furnace. Two types of coal were chosen, bitumi-
nous with high Fe2O3 content and sub-bituminous with low Fe2O3 content. Numerical re-
sults show that the radiation entropy generation rate in the furnace is mainly due to the 
irreversibility of the absorption and emission processes of the particles in the furnace, and 
the ash deposits have a significant effect on the irreversibility of the radiative heat transfer 
process on the wall. Meanwhile, when burning the two types of coals, the ash deposits in 
the furnace caused a decrease in the radiative heat flux rate on the wall and a decrease in 
the REG rate in the furnace. The ash deposits further cause an increase in the entropy 
generation number and a decrease in the thermodynamic efficiency of the radiative heat 
transfer process in the furnace. Meanwhile, the coal with high Fe2O3 content is suggested 
to be selected, as a high Fe2O3 content leads to high spectral emissivity and further in-
creases the intensity and efficiency of radiative heat transfer. 
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5. Conclusions

In this paper, we considered a 3-D high-temperature furnace filled with a gas-solid
medium and analyzed the effect of ash deposits on the irreversibility and thermodynamic
efficiency of radiative heat transfer in the furnace. Two types of coal were chosen, bitumi-
nous with high Fe2O3 content and sub-bituminous with low Fe2O3 content. Numerical
results show that the radiation entropy generation rate in the furnace is mainly due to the
irreversibility of the absorption and emission processes of the particles in the furnace, and
the ash deposits have a significant effect on the irreversibility of the radiative heat transfer
process on the wall. Meanwhile, when burning the two types of coals, the ash deposits
in the furnace caused a decrease in the radiative heat flux rate on the wall and a decrease
in the REG rate in the furnace. The ash deposits further cause an increase in the entropy
generation number and a decrease in the thermodynamic efficiency of the radiative heat
transfer process in the furnace. Meanwhile, the coal with high Fe2O3 content is suggested to
be selected, as a high Fe2O3 content leads to high spectral emissivity and further increases
the intensity and efficiency of radiative heat transfer.
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