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Abstract: This paper describes the radiative energy flux characteristics of fixed-bed oxy-coal combustion for the purpose of
guiding the quality-splitting conversion of combustion energy. An experiment was performed in a tube furnace at a temperature
range of 800—1200 °C in O,/N, and O,/CO, atmospheres, and the radiative intensity was measured. It was found that an increase in
oxygen concentration and temperature could increase the radiative intensity more than 1.5 to 2 fold during combustion, and the
radiative energy flux was higher for semi-coke than coal by about 16%—27%. The radiative energy results could be described by a
semi-empirical model and an artificial neural network (ANN) model. The results showed that the errors of the ANN were less than
0.01%, and demonstrated the superiority of the ANN. This study provides guidance for subsequent research on quality-splitting
conversion of combustion energy.
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1 Introduction

At present, the world’s energy supply is met
mostly by the combustion of various fuels (Dincer
and Zamfirescu, 2014). Thus, improving combustion
conversion efficiency could save energy and reduce
pollution. Fuel combustion generates very high tem-
peratures and a considerable amount of radiative
energy is released according to Planck’s law (Bockh
and Wetzel, 2012). Therefore, a concept of quality-
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splitting conversion of photo and thermal energy in
fuel combustion was proposed (Shan et al., 2019) in
which the radiation energy is separated from the
thermal energy and is utilized based on different
frequencies (Stanley et al., 2016; Shan and Zhou,
2019). High-frequency radiation is used for photo-
voltaic power generation, and low-frequency radia-
tion and the waste heat generated during the com-
bustion process can be recycled to achieve quality-
splitting conversion of fuel combustion energy. Fur-
thermore, this may be applied to photovoltaic/
thermal power generation (Tyagi et al., 2012),
photovoltaic/hot water heating (Barbieri et al., 2012),
photovoltaic/refrigeration (Long et al., 2016), and
photovoltaic/thermoelectric (semiconductor temper-
ature difference) power generation (Da et al., 2016).
Fig. 1 shows this concept intuitively.

Of the fuels used in quality-splitting conversion,
it is important to research efficient coal combustion
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(Liu et al., 2017) since coal is the main energy source
in many developing countries such as China (Rao et
al., 2015), and supports economic development of the
country. In addition, pyrolysis-based coal poly-
generation technology produces pyrolysis gas, coal
tar, and semi-coke (Zhou et al., 2018). Semi-coke is
used primarily as the fuel for combustion (Ge et
al., 2017) and also requires efficient combustion
conversion.
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Fig. 1 Concept of energy quality-splitting conversion in
fuel combustion

One of the basic coal combustion devices is the
grate furnace (Rajh et al., 2018), which is a fixed-bed
combustion furnace with strong adaptability for
burning solid fuels such as coal, semi-coke, biomass,
and waste (Sefidari et al., 2014). Therefore, research
on solid fuel combustion in fixed beds has practical
and general significance (Green and Waite, 2017). A
tube furnace reactor in a laboratory is suitable for
simulating the operation of fixed-bed devices on a
small scale to investigate the combustion character-
istics of solid fuels. A large number of solid fuel
combustion experiments in tube furnaces have been
performed to study flue gas release (Liu et al., 2018),
pollutant emissions (Xu et al., 2018), and thermo-
gravimetric characteristics (Zhang et al., 2018).
However, research is lacking on the radiative energy
characteristics of this combustion mode.

One way to generate higher temperatures in a
combustion quality-splitting conversion system is to
increase the oxygen concentration during combustion
(Liu et al., 2013). Moreover, oxy-fuel combustion in
an O,/CO; atmosphere enriches the CO, in the flue
gas and suppresses NO, emission (Yin and Yan,

2016). Therefore, energy efficiency and clean utili-
zation can be achieved through energy quality-
splitting conversion during oxy-coal combustion.
There have been many studies on the kinetic charac-
teristics (Zhou et al., 2013), pollutant emissions
(Vodicka et al., 2018), and system efficiency (Yorik
et al., 2018) of oxy-fuel combustion, but few devoted
to energy quality-splitting conversion in oxy-fuel
combustion.

Basic research in thermal engineering relies
mostly on experiments, numerical simulations, and
theoretical models. The artificial neural network
(ANN) method has been increasingly applied in basic
thermal engineering studies in recent years, but fo-
cused mainly on applications to state diagnosis (Zhou
etal., 2017; Wang et al., 2018). Theoretically, thermal
engineering problems could be modeled by an ANN
using experimental data. Therefore, it is meaningful
to model radiative energy characteristics through an
ANN for comparison with a theoretical model.

Against this background, the objectives of this
study were: (1) to investigate the radiative energy flux
characteristics of oxy-coal fixed-bed combustion
from the perspective of radiative energy utilization,
and to provide a reference for the application of a
quality-splitting conversion system based on solid
fuel combustion; (2) to compare two modeling
methods, a semi-empirical model and an ANN model,
in combustion radiative flux research, and to provide
the basis for ANN applications in subsequent re-
search. Therefore, the one-dimensional radiative en-
ergy flux characteristics of oxy-coal combustion in a
small fixed-bed furnace were first investigated under
different combustion conditions. Second, the coal
combustion radiative energy flux in the fixed-bed
furnace was described by a semi-empirical model
based on heat transfer theory. Finally, an ANN was
trained to describe the experimental results, and the
two methods were compared to demonstrate the fea-
sibility of the ANN to predict the radiative energy
flux. Compared to previous studies, the innovations
of this study were: (1) the backgrounds were different,
the concept of quality-splitting conversion of com-
bustion energy is proposed, and current research re-
sults serve the grading conversion of photo and
thermal energy in coal combustion; (2) the research
objectives were different, and this study focused on
the radiative energy characteristics in pulverized coal
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combustion and oxy-coal combustion from the per-
spective of radiative energy utilization; (3) the anal-
ysis methods were diverse. This study was not only an
experimental report. Two modeling methods were
also investigated based on experimental data,
providing a basis for the application of ANN in sub-
sequent research.

2 Experimental and modeling methods
2.1 Experiment

Chinese Shenhua bituminous coal, which is used
extensively in Chinese power plants, was crushed,
ground, and sieved to obtain a coal sample with a
particle size range of 75—150 um (100-200 meshes).
The sample was dried at 105 °C for 2 h. Table 1 shows
the results from proximate and ultimate analyses of
the coal. The bituminous pyrolysis semi-coke was
prepared in a high-temperature tube furnace at a py-
rolysis temperature range of 800-1200 °C with
100 °C increments. Pyrolysis continued for 30 min
under an N, atmosphere. The oxy-fuel combustion
experiment was carried out in the same tube furnace.
The experimental system is shown in Fig. 2 and in-
cluded a gas-mixing system, high-temperature tube
furnace device, and a radiative intensity acquisition
instrument. The half-length of the furnace was 30 cm,
the distance between the sample center and the quartz
tube outlet was 70 cm, and the tube diameter was
8 cm. The radiative sensor was 90 cm from the sam-
ple center. A CT-20 high-temperature radiative sen-
sor (Captec Company, France) was used to monitor
the total radiative intensity at a wavelength range of
0.3-50 um, which covers most of the radiative energy
spectrum. The sensor had a fast response time of
0.025 s. The experimental data were recorded using a
Daq5300 eight-channel data logger (Fourier Com-
pany, Israel) with an acquisition interval of 1 s. The
sensor measured the radiative intensity at a point to

reflect the qualitative effects of experimental condi-
tions on radiation. In addition, the control variable
method was adopted in this study. Since many factors
affect the radiation, this research focused only on the
influence of the experimental factors on radiative
intensity, while other factors remain unchanged under
different experimental conditions. The oxy-fuel
combustion experiment used O,/N; and O,/CO, at-
mospheres and five oxygen concentrations of 21%,
30%, 40%, 50%, and 60%, respectively, at a temper-
ature of 1000 °C. The oxy-fuel condition of a 30%
0,/CO, atmosphere has been widely used as an al-
ternative to air conditioning (Bejarano and Levendis,
2008). Therefore, under this atmosphere, we investi-
gated the radiative energy flux of coal at a tempera-
ture range of 800—1200 °C with 100 °C increments,
and the radiative energy flux of different semi-cokes
at a temperature of 1000 °C.

At the start of the experiment, the tube furnace
was heated to the required experimental temperature.
The reaction atmosphere flowed through the quartz
tube for 20 min at a flow rate of 1.5 L/min to ensure
the appropriate experimental conditions were met.
Subsequently, the empty combustion boat was
quickly pushed into the center of the high-
temperature reaction zone and the radiative intensity
data were recorded as a calibration group representing
the furnace background radiation. After the calibra-
tion experiment was completed, the same combustion
boat containing the pulverized coal was quickly
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Fig. 2 Schematic diagram of the experimental system
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Table 1 Proximate and ultimate analyses of the Shenhua bituminous coal

Proximate analysis

Ultimate analysis

Mg (%) Aaa (%) Vg (%) FCyq (%) Cioq (%)

H

Qnel,ad (J/g)

ad (70)  Nag (%) Siq (%) Oua (%)

6.36 5.14 30.23 58.27 70.37

3.71 1.53 0.40 12.49 27646

Note: ad indicates air dry basis; M indicates moisture content; A indicates ash content; V indicates volatile content; FC indicates fixed

carbon; O, indicates net calorific value
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pushed into the reaction zone and represented the
experimental group. In the experiment, 1.5 g of pul-
verized coal was accurately weighed and evenly
spread on the bottom of the cold combustion boat.
The experimental combustion boat was specially
constructed and the wall surfaces at both ends were
removed to monitor the radiation (Fig. 2). The dif-
ference between the experimental group results and
the calibration group results was calculated to reflect
the radiative energy flux caused by the coal combus-
tion. The experiments were performed in a dark room
to minimize environmental influences. In addition, to
determine the uncertainty of the radiative energy
results, measurements were made three times to give
an average and a standard deviation represented in the
figures by error bars.

2.2 Semi-empirical prediction model

Based on radiation heat transfer theory and the
experimental data, we attempted to develop a
semi-empirical model for predicting the radiative
energy flux of coal combustion in the tube furnace.
This modeling method has been used to research and
analyze similar combustion processes. According to
the experimental results, it appears that different
combustion conditions influence emissivity. There-
fore, the total radiative energy flux per unit time R can
be expressed as (Modest, 2013):

R=¢0T", (@))

where o; is the Stefan-Boltzmann constant, and T is
the temperature. In solid fuel combustion, it is con-
sidered that the main effects on radiation are the tri-
atomic gas and the solid particles resulting from in-
complete combustion. Thus, the total emissivity & can
be defined as the weighted average of the gas and
solid:

&= k(xgg +Y8,), 2

where £ is a coefficient, ¢, and & are the emissivities
of the mixed gas and solid particles, respectively, x
and y are the weights of the gas emissivity and solid
emissivity, respectively, and x+y=1.

The weighted sum of gray gases (WSGG) model
is a classical gas emissivity model, one of many
developed models of oxy-fuel conditions (Ka-

ngwanpongpan et al., 2012; Shan et al., 2017). The
WSGG model was used to calculate &, The core
concept of the WSGG model is to replace the actual
non-gray gas with n gray gases. The weighted sum of
the absorption coefficient or radiative heat flux of
each gray gas is equal to the total value of the actual
gas. The gas emissivity over the path-length L is ex-
pressed as:

£=3a[1-exp(-x,XpL). 3)

i=1

where X is the ratio of the triatomic gas, expressed as
the sum of the mole fractions of H,O and COs. p is the
pressure. The absorption coefficient x; of each gray
gas is constant in a certain spectral region and the
weight a; indicates the ratio of black body radiation in
this spectral region. The sum of the weights must be
1, which also includes the weight g, of the white gas,
and the corresponding absorption coefficient #y is 0.
Here, a; is related mainly to the temperature and the
molar ratio R, of H,O/CO,, and x; is dependent
mainly on R,,,. Therefore, if the parameters such as the
molar fraction of the triatomic gases X, the molar ratio
Ry, the average temperature 7, and the path-length L
are obtained, the mixed gas emissivity can be calcu-
lated using the WSGG model.

In this study, the WSGG model of Shan et al.
(2018) was selected, which was developed for
oxy-fuel conditions and covers a wide range of gas
media conditions. The path-length L was 70 cm from
the furnace center to the tube outlet in the experiment,
and the average temperature was used. Fig. 3 shows
the temperature distribution in the tube furnace
measured using a K-type thermocouple. The temper-
ature at the outlet was assumed to be ambient. Thus, it
could be assumed that the temperature decreased
linearly in multiple stages from the furnace center to
the tube outlet. Consequently, the temperature at each
stage was weighted and averaged to calculate the
average temperature in the entire path-length. After
the preliminary calculation, the weighted average
temperatures under the different temperature condi-
tions in the range of 800-1200 °C were 357.14,
407.14, 457.14, 528.57, and 600 °C, respectively.
These values were used for the WSGG model calcu-
lation. The molar fraction of the triatomic gas X and
the molar ratio R,, were calculated for the different
atmospheric conditions and the coal ultimate analysis
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under the assumption of complete combustion. Sub-
sequently, the gas emissivity &, was obtained.

There was a large amount of dark smoke in the
initial stage. Because the radiation of the soot parti-
cles involves complex scattering (Modest, 2013), the
extinction coefficient of the particles was large and
the smoke shielded most of the radiation in the current
experimental condition. Thus, the emissivity of the
soot should be small and its variation under different
conditions not large. Therefore, the emissivity of the
soot particles & was assumed to be 0.1 in the pre-
liminary semi-empirical model, which is smaller than
the gas emissivity. In addition, the weight of particle
emissivity y was used to reflect the variation in par-
ticle radiation under different conditions. To obtain
more accurate soot characteristics, laser measure-
ments should be used in future research.
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Fig. 3 Tube furnace temperature calibration curves (the
coordinate at 30 cm is the furnace center)

2.3 ANN model

An ANN is an information-processing technique
that is widely used in scientific research and engi-
neering practice. The radial basis function (RBF)
network has advantages in function approximation
and system model construction (Esfe, 2017). Thus, it
was used in this study to train the experimental data,
and a prediction model was established to describe the
combustion radiative flux characteristics.

The RBF network is a feed-forward network
composed of three layers. The method has been
shown to have uniform approximation performance
for nonlinear networks. The generalized RBF net-

work structure is shown in Fig. 4.

The generalized RBF network has M input
nodes, namely M training samples. The hidden layer
has 7 nodes and /<M. The basis function of the ith
hidden node is @( ||Xm, X; || ), where ||Xm, X || refers
to the Euclidean norm, Xiy=[xi, X5, ..., Xa/] is input
sample, and X=[x;, X2, ..., Xia] is the center of the
basis function. The threshold @, is added to the hid-
den layer. Its output is always 1 and the weight con-
nected to the output unit is @ ;. The output layer has J
neurons.

Input layer

Hidden layer Qutput layer

X
A
-

Fig. 4 RBF network structure diagram

We set the actual output as Y=[yi, »,, ..., ¥/,
where J is the number of output units. For the training
sample Xy, the jth output unit result is

I
v, =w,,+).0,0(X,,X,). 4)

i=1

The basis function is generally a Gaussian func-
tion, thus:
?(X,. X)=2(|X, - X])

1
_ exp(_ X, - x, ||j.

m?

)

The RBF algorithm is a mature algorithm. In this
study, an RBF network was designed using the
‘newrb’ function in Matlab software to train the ex-
perimental data. A model describing the relationship
between the total radiant energy flux and the different
combustion conditions was established and tested
using typical experimental data.
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3 Results and discussion

3.1 Effect of different conditions on the radiative
energy

3.1.1 Different atmospheres

Fig. 5 shows the variation in the radiative in-
tensity detected during a period of 360 s after the
combustion boat entered the tube. The results show
that the radiative intensity curve after 300 s closely
matched the calibration curve of the empty combus-
tion boat, which indicates that the reaction was al-
most complete. Thus, we investigated the radiative
energy flux during the period of 360 s. The radiative
intensity decreased during the initial 20 s due to the
operational disturbance after the combustion boat
was placed in the furnace. Subsequently, the reaction
process was divided into three stages (Fig. 5). During
the first stage, the combustion reaction begins and the
soot volatiles are released from 21 s to 45 s (stage 1).
The second stage is the soot diffusion and burnout
stage, from about 45 s to 90 s (stage 2). The third
stage is the coal char burnout stage, after about 90 s
(stage 3).
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Fig. 5 Comparison of the radiative energy flux curves of
the calibration (empty combustion boat) and experi-
mental data (coal sample)

The experiment used a high-volatility bitumi-
nous coal. A large amount of smoke was generated
after the combustion boat was placed in the reactor.
The soot particles had an extremely large extinction
coefficient due to the scattering effect. Thus, they

shielded the flame radiation and the emissivity was
low. In addition, the average media temperature was
not high in the tube, so the radiative intensity of the
soot media was low. Therefore, the radiative intensity
was considered to be zero when the radiation curve
was lower than the calibration curve.

Fig. 6a shows the total calculated radiative en-
ergy flux from 21 s to 360 s in the O,/CO, and O,/N;
atmospheres. The radiative energy flux increased in
both combustion atmospheres as the oxygen concen-
tration increased. This was attributed mainly to a
reduction in the emission of soot and volatiles, as well
as the increase in the coal combustion temperature.
Therefore, increasing the oxygen concentration
helped to enhance the proportion of radiative energy
in the combustion energy grading conversion system.
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Fig. 6 Radiative energy flux for different oxygen con-
centrations in two atmospheres
(a) Total process; (b) Stages 1-2 and stage 3
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Fig. 6b shows the radiative energy flux at the
soot volatile release and burnout stages (stages 1-2)
and the char burnout stage (stage 3). The radiative
energy flux increased greatly with the oxygen con-
centration in stages 1-2, whereas it changed little in
the char burnout stage (stage 3). This indicates that
the oxygen concentration affects mainly the volatile
release and burnout process, and influences the
changes in the total radiative energy flux. In practice,
the method of increasing the oxygen concentration is
more helpful to increase the proportion of radiative
energy of high volatile fuels. Furthermore, the radia-
tive energy flux was higher in the O,/CO, atmosphere
than in the O,/N, atmosphere in stages 1-2. This
indicates that volatiles and soot were released and
burned faster, and that this process required less time
in the O,/CO, atmosphere. Thus, the radiative energy
flux was shielded for a shorter period. As the oxygen
concentration increased to 60%, there was less dif-
ference in the radiative energy flux between the two
atmospheres in stages 1-2. In the char burnout stage
(stage 3), the radiative energy flux was higher in the
0,/N, atmosphere than in the O,/CO, atmosphere.
This occurred primarily because of differences in the
specific heat capacity and radiative characteristics of
the two atmospheres, causing the combustion tem-
perature to be slightly higher in the O,/N, atmosphere
(Andersson et al., 2008). For the entire process, the
radiative energy did not differ significantly between
the two atmospheres, although it was slightly higher
under O,/N, conditions.

The change rate is defined as the variation of the
radiation intensity per unit time, and its unit is
W/(m*'s). The average change rate of radiative in-
tensity v is its average value in a certain period. Fig. 7
shows the average change rate v; in stage 1 (volatile
and soot release) and v, in stage 2 (volatile and soot
burnout). Here, v, is negative and represents the re-
duction rate in stage 1, while v, is positive and rep-
resents the growth rate in stage 2. In the O,/CO, at-
mosphere, the radiation reduction rate v, gradually
changed from —3.5 W/(m*s) to —1.65 W/(m*s) as the
oxygen concentration increased from 21% to 60%,
whereas the radiation growth rate v, was reduced
from 2.7 W/(m?s) to 0.5 W/(m>s). The results were
similar for the O,/N, atmosphere in that the absolute
value of v; was reduced by about 2 W/(m®'s), whereas

v, was reduced by about 1.5 W/(m?*s). This occurred
primarily because the soot combustion consumption
rate was enhanced and the soot particles reduced as
the oxygen concentration increased in stages 1-2.
Therefore, there was less shielded radiative energy
and the average change rate was small.

Fig. 7 also demonstrates that the average change
rates of stage 1 and stage 2 were higher in the O,/CO,
atmosphere than in the O,/N, atmosphere. This was
caused primarily by the slow diffusion rate of the O,
in the CO, atmosphere. More volatiles were released,
but they did not burn out rapidly. Thus, there was
much more soot and the radiative intensity decreased
rapidly. In addition, after the volatiles were released
in the O,/CO, atmosphere, the active sites on the coal
char were exposed to promote the CO, gasification
reaction (Gao et al., 2013), which also accelerated the
entire pyrolysis and combustion processes.
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3.1.2 Different temperatures

Fig. 8a shows the radiative energy flux of the
bituminous coal combustion under 30% O,/CO,
oxygen-fuel conditions. The radiative energy flux
increased about two fold from about 1400 J/m® to
3900 J/m” as the temperature increased from 800 °C
to 1200 °C. According to Planck’s law, the tempera-
ture directly affects the surface radiative intensity of a
black body. Thus, solid and gas radiation media have
greater radiation intensity in a high-temperature
combustion. Therefore, elevating the system temper-
ature is the key to improving the performance of
quality-splitting conversion of the combustion energy
in practical applications. Specifically, a flue gas heat
regenerator, an insulated furnace, high calorific value
fuel, and oxy-enriched combustion could be used.
Fig. 8a shows the radiative energy flux during the
volatile release and burnout processes (stages 1-2)

a
4000 —( ) 30% O,/CO, atmosphere
T
3000
E] —e— Total )
- - - - Stages 1-2 i
2 --4-—Stage 3 /,*
$ 2000 | R
) -~
=
8
3 e
1000 *
&
&7 :
= ___ .-
I R, 2 I R I R I
800 900 1000 1100 1200
Temperature (°C)
5 10

L]
1
[oc]

/

Average change rate v, (W/(m’:s))
IS &
T T
/ L.}
g
N B
Average change rate v, (W/(m>s))

—e— Stage 1
—e— Stage 2

N
o

L 4

1
800 900 1000 1100 1200
Temperature (°C)

Fig. 8 Effect of temperature on the radiative energy flux
(a) and the average radiative intensity change rate (b) in
an oxy-coal combustion

and the coal char burnout process (stage 3), both of
which increased with the combustion temperature. In
addition, the radiative energy released in stage 3 ac-
counted for about 78.6%-84.6% of the total energy.
Therefore, the total radiative energy flux variation is
determined by the char burnout process.

Fig. 8b shows the average change rate of the ra-
diative intensity v, for stage 1, and v, for stage 2, at
different temperatures. As the temperature increased
from 800 °C to 1200 °C, the reduction rate v; changed
from 0 to —15 W/(m™s), whereas the growth rate v,
increased from 0 to 8 W/(m>s). This indicates that the
radiative intensity change rate at each reaction stage
increased with temperature. This occurred because
the temperature increase promoted the volatile py-
rolysis and soot release process under the 30%
0,/CO, atmosphere. Moreover, a larger amount of
volatiles and soot were released, and released more
rapidly, at the higher temperatures in the initial
combustion.

3.1.3 Different fuels

Fig. 9a shows the radiative energy flux and ra-
diation efficiency of 30% O,/CO, oxy-fuel combus-
tion for the semi-cokes at different pyrolysis temper-
atures. The combustion temperature was 1000 °C.
The radiation efficiency # is the ratio of the radiative
energy in the combustion to the calorific value of the
fuel (Turns, 2012):

n=R/0, (6)

where the radiative energy R is calculated from the
amount of radiative energy flux on the cross-sectional
area of the tube furnace, and Q is the energy contained
in the fuel. Note that R is not the entire radiative en-
ergy in the coal combustion in this study, so the ra-
diative efficiency # may be lower. However, a com-
parison of the radiation efficiency shows that there is
an effect of the combustion conditions on the pro-
portion of radiative energy. The results of the meas-
ured calorific values of the semi-cokes at five dif-
ferent pyrolysis temperatures are shown in Table 2.
Not a large amount of heavy smoke was released
in the combustion since the semi-coke had undergone
a pyrolysis process. Therefore, there was no signifi-
cant decrease in radiative intensity at the beginning of
the combustion. Fig. 9a shows that the radiative
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energy flux was higher for the semi-coke than for the
coal by about 16%—27%. This also confirms that the
release of the volatiles and soot shielded the radiative
energy flux in the coal combustion, and that low-
volatile fuels made more sense for systems involving
quality-splitting conversion of combustion energy.
Fig. 9 also shows that the high-temperature pyrolysis
of the semi-coke resulted in a significantly higher
radiative energy flux. The radiative energy flux of the
semi-coke from the 1200 °C pyrolysis was about
300 J/m” higher than that of the semi-coke from the
800 °C pyrolysis. More volatiles were released in the
higher-temperature pyrolysis; therefore, the semi-
coke contained more char for the same mass. There
were more luminescent carbon and soot particles, and
CO, gas was generated in the semi-coke combustion,
which increased the proportion of radiative energy
flux. In contrast, the semi-coke with a relatively low
pyrolysis temperature still contained a portion of the
volatiles released during the pyrolysis stage. The
radiative intensity decreased if the volatiles were not
completely burned.

Table 2 Calorific values of semi-coke at different py-
rolysis temperatures

Pyrolysis temperature (°C) Calorific value (J/g)
800 29288.3
900 28870.9
1000 28863.8
1100 27930.7
1200 28029.7

Fig. 9a shows that the radiation efficiency of
semi-coke combustion increased with the pyrolysis
temperature, and was also higher than that of raw
coal. This was consistent with the trend in the radia-
tive energy flux. The semi-coke had a radiation effi-
ciency of 0.029% at a pyrolysis temperature of
800 °C, and about 0.034% at a pyrolysis temperature
of 1200 °C. This indicates that higher pyrolysis
temperature resulted in a larger proportion of radia-
tive energy in the combustion. In addition, semi-
cokes have different surface radiation characteristics
because they have different surface structures at
different pyrolysis temperatures (Zhou et al., 2014).
A semi-coke at a higher pyrolysis temperature should
have greater emissivity due to a more porous struc-

ture. Pyrolysis above 800 °C is considered high-
temperature pyrolysis, which is used mainly for the
poly-generation of pyrolysis gas and semi-coke. The
results show that the semi-coke had a larger propor-
tion of radiative energy at high-temperature pyroly-
sis. Therefore, poly-generation semi-coke is more
suitable for the quality-splitting conversion of com-
bustion energy and this approach can be combined
with the pyrolysis poly-generation process to create
an efficient coal grading conversion scheme.
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Fig. 9b shows the average change rate v;; of the
radiative intensity under different semi-coke condi-
tions, where vy, is defined as the average change rate
of radiative intensity both in the volatile release stage
(stage 1) and in the burnout stage (stage 2). Compared
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to coal combustion, the average change rate was low
and less than 0.4 W/(mz-s) for the semi-coke, because
the volatiles had mostly been released. As v, was
positive, the radiative intensity increased in stages
1-2. Moreover, v, showed an overall upward trend as
the pyrolysis temperature increased. This may have
been because at a lower pyrolysis temperature, the
semi-coke released some volatiles in the initial
combustion stage, which affected the increase in ra-
diative intensity. On the other hand, semi-cokes at
different pyrolysis temperatures have different pore
structures, which should also affect the rate of in-
crease in combustion radiative energy.

3.2 Semi-empirical prediction model results

As described in Section 2.2, a semi-empirical
radiative energy prediction model was developed.
Using the entire reaction process as a unit of time, the
radiative energy flux of the oxy-coal combustion in a
tube furnace can be predicted using Egs. (1) and (2).
The relevant parameters were determined based on
the experimental results. First, the gas emissivity &,
for each condition was calculated using the WSGG
model. As described above, the soot emissivity &, was
0.1 in the model, which was lower than the gas
emissivity. In Eq. (2), k was set to 1.1 so that different
conditions were suitable. The soot emissivity weight
y was determined by Eqgs. (1) and (2) according to &
and the measured radiative energy flux. Therefore,
the modeling focus was to determine the relationship
between y and the experimental conditions. The ex-
perimental results indicate that there were fewer
volatiles and less soot released during combustion at
higher oxygen concentration or lower temperature.
Therefore, y is considered to be proportional to
the temperature and inversely proportional to the
oxygen concentration ¢. A linear equation with two
unknowns is introduced here to approximate this
relationship:

y=A+Bp+CT+ DTo, @)

where 4, B, C, and D are fitting coefficients.

Using the radiative energy flux data under dif-
ferent oxygen concentrations in an O,/CO, atmos-
phere and the data for different temperatures in a
30% O,/CO, atmosphere, nonlinear curve fitting was
performed using Origin software and the Levenberg-

Marquardt optimization algorithm. The results are
listed in Table 3.

Table 3 Fitted parameters of the soot emissivity ratio y
in the prediction model

Atmosphere A B C D
0,/CO, 11227.73 37424 -8.81793 0.293 94
0,/N, 1.123390 —0.015491 0 0

The radiative energy flux was calculated based
on the O,/CO, atmosphere parameters in Table 3 and
Egs. (1) and (2), and the calculated results were
compared with the experimental data shown in
Figs. 10a and 10b. The established model results were
consistent with the experimental data trend. Fig. 10a
shows that the maximal model error was about 7%.
Fig. 10b shows that the model error was about 12% at
900 °C and less than 5% at other temperatures. Since
the semi-empirical model is a mathematical function
and its results show a smooth curve, there are always
errors between the experimental results and the model
results. Although the model errors were different
under various conditions, the semi-empirical model
could still describe the trend of the results.

For the O,/N; atmosphere condition of different
oxygen concentrations at a combustion temperature
of 1000 °C, the ratio y was still inversely proportional
to the oxygen concentration. According to Eq. (7), it
was observed that y had a linear relationship with the
oxygen concentration ¢ at a constant temperature, i.e.
y=A+Bg. After calculating the y values of different
oxygen concentrations in the O,/N, atmosphere, a
linear fit was performed (Fig. 11a). The parameters
are listed in Table 3. The calculated results and the
experimental results are shown in Fig. 10c. The
calculated results agreed well with the experimental
data, and the model error did not exceed 5%.

A sensitivity and significance analysis of the
regression model was performed. Soot emissivity &
and the coefficient k£ were enhanced and reduced by
10%, respectively, while other parameters were un-
changed. The adjusted model was then used to pre-
dict the results of Fig. 10a. The current model was
used as a control group, and the model fitting devia-
tion was analyzed as shown in Table 4 (p.442). The
fitting deviation was related to the absolute ¢ varia-
tion value, and did not exceed 10%. It was consistent
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with the variation of k. This is because the
semi-empirical model relies on theory and experi-
mental results. Thus, if & or k£ changes, the regression
formula Eq. (7) should be re-regressed based on the
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experimental results to ensure accurate description of
the experimental data.

To evaluate the ability of regression models to
describe objective experimental results, the model
significance was analyzed (Table 5). For the O,/CO,
atmosphere, the model constructed by Eq. (7) was
used to describe the experimental results in Figs. 10a
and 10b. As F=125.57>Fy (2, 6), the regression
model was significant at the level of «=0.01. Its
standard deviation o was 148.84. Thus, there was a
99% probability that the error did not exceed
206=297.68 J/m>. For the 0,/N, atmosphere, the re-
gression model was used to describe the experi-
mental results in Fig. 10c. As F=30.92>Fs(1, 3),
the regression model was significant at the level of
0=0.05, and its standard deviation o was 153.12 J/m?.
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Table 4 Sensitivity analysis of the model fitting deviation

Model fitting deviation (%)

. Soot emissivity & Coefficient k
Condition
Level 1 Control erou Level 2 Level 1 Control erou Level 2
(+10%) group (-10%) (+10%) group (-10%)
21% 0,/CO, 9.197 0 9.197 10 0 10
30% O,/CO, 7.082 0 7.082 10 0 10
40% 0,/CO, 5.454 0 5.454 10 0 10
50% O,/CO, 4.271 0 4.271 10 0 10
60% 0O,/CO, 3.366 0 3.366 10 0 10
Table 5 Variance analysis of the regression model
Source Quadratic sum Degree of Variance F Significance
freedom
N
Regression U=)(3,-, : K UK
Computational ; ( ) U/K B
formula N o 5 2
Residual S=>(y.-%) N-K-1 o*=S/(N-K-1)
t=1
OZ/COZ atmosphere; Regr(‘:ssion 556319591 2 2781597.95 12557 a=0.01
R=AT, p) Residual 132915.92 6 22152.65
0,/N, atmosphere: Regr?SSIOH 724896.03 1 724896.03 30.92 #=0.05
R=f(p) Residual 70339.034 3 23446.34

Note: K is the number of independent variables; N is the number of experimental values; U is the regression quadratic sum; S is the residual
quadratic sum; y; is the experimental value; y, is the average experimental value; J, is the model predicted value

Thus, there was a 95% probability that the error did
not exceed 20=306.24 J/m> when the regression
model was used to describe the experimental results.
This indicates that the semi-empirical model estab-
lished in this study for a specific combustion mode
(coal fixed-bed combustion) provided good modeling
results. Therefore, a similar modeling method could
be used for different combustion modes to investi-
gate the radiative energy characteristics. This is im-
portant for further studies of quality-splitting con-
version of combustion energy.

Fig. 11 shows the variation of the soot emissiv-
ity weight y under different conditions. Fig. 11a
shows that between the oxygen concentrations of
21% and 60%, the y value decreased by about 0.4 in
the O,/CO, atmosphere and by about 0.6 in the O,/N,
atmosphere. This indicates that there were fewer
volatiles and less soot released at higher O, concen-
trations. Moreover, the y value was lower in the
0,/N, atmosphere, indicating that there was less soot
released and the radiative energy was higher, which
is consistent with the results shown in Fig. 6. Fig. 11b

shows that the value of y increased by about 0.15 as
the temperature increased from 800 °C to 1200 °C,
which also indicates that high temperature promotes
the reaction and accelerates the release of soot and
volatiles.

3.3 ANN model analysis results
3.3.1 Oxygen conditions prediction model

The RBF network was used to establish a model
describing the relationship between the radiative
energy experimental results and the combustion
conditions. For the oxygen concentrations ranging
from 21% to 60% in the O,/CO; conditions, the pa-
rameters were used to train the RBF network. The
parameters included the total radiative energy flux
Ruhole (J/mz), the radiative energy R, (J/mz) in the
soot release stage (stage 1), and the average absolute
change rate of the radiative intensity vi, (W/(m>s)) in
the soot release and burnout stages (stages 1-2). The
training experiment data are shown in Table 6. The
experimental data from different oxygen concentra-
tions were expanded to 100 groups using cubic spline
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interpolation to train the RBF network. This is a valid
method for expanding training data. In the RBF
network, the number of neurons was 50 and the
spread coefficient was 25.

For the first mode (mode 1), five sets of ex-
perimental data were expanded for training, and five
sets of experimental conditions were re-evaluated
using the trained network. This mode was used to
evaluate the modeling ability of the ANN and the
results are shown in Fig. 12a. The five sets of oxygen
concentrations predicted by the RBF network were in
good agreement with the actual values, and the re-
siduals did not exceed 0.5%. That is, the model error
was less than 2.5%. This indicates that the ANN
model was effective for predicting the coal combus-
tion conditions using the radiative energy results.

For the second mode (mode 2), four datasets of
21%, 40%, 50%, and 60% oxygen concentrations,
respectively, were expanded through cubic interpo-
lation and trained using the same method. This net
was then used to test the experimental data of the
30% oxygen concentration. This model was used to
show the ability of the ANN to predict unknown
experimental results. The predicted results are shown
in Fig. 12¢. The predicted oxygen concentration was
31.67% and the residual was only 1.67%. This indi-
cates that the RBF network was suitable for predict-
ing unknown combustion conditions.

Table 6 RBF network training data

No. Ruyne (J/m*) Ry (Jm?*)  vip (WAm*s)) ¢ (%)
1 1970.8 2533 2.73 21
2 2207.8 511.7 2.55 30
3 2450.3 643.9 2.14 40
4 2651.0 872.8 2.06 50
5 31215 12989 1.77 60

3.3.2 Radiative energy prediction model

For the O,/CO, atmospheres at 1000 °C, the
oxygen concentration conditions between 21% and
60% were used as the input and the total radiative
energy flux Rypnole Was used as the output to train the
RBF network (Table 6). The trained network was
used to predict the total radiative energy flux.

For the first mode (mode 1), the RBF network
was trained using five sets of experimental data, and

the data were expanded to 100 groups using cubic
spline interpolation. The number of neurons was 50
and the spread coefficient was 25. The five groups of
radiative energy flux results were re-evaluated using
the trained network, and the results are shown in
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Fig. 12b. A comparison with the semi-empirical
model results in Fig. 10a indicates that the results
predicted by the RBF network were in good agree-
ment with the experimental data, and the residuals
did not exceed 0.25 J/m”. That is, the model error was
less than 0.01%. Moreover, Fig. 10a shows the
maximum semi-empirical model error was about
7.5%. Therefore, the radiative energy in oxy-coal
combustion can be better modeled using the ANN
model than using the semi-empirical model.

For the second mode (mode 2), four datasets of
21%, 40%, 50%, and 60% oxygen concentrations,
respectively, were expanded through cubic interpo-
lation and trained using the same method. This net
was used to test the radiative energy flux data of the
30% oxygen concentration. The prediction results are
shown in Fig. 12c. The residual was only 16.61 J/m’
between the predicted value of 2224.46 J/m” and the
experimental value of 2207.85 J/m” This result
shows that the RBF network can also be used to
predict untested experimental results.

Overall, the results show that the ANN can be
used to model the radiative energy flux in the com-
bustion process and to predict untested radiative en-
ergy flux. A comparison with the semi-empirical
model results indicates that the ANN is not only
highly accurate, but also not limited by physical
processes, so it has excellent adaptability. In addition,
the ANN has a good ability to predict unknown ex-
perimental results. Therefore, this method provides a
reliable means for researching the quality-splitting
conversion of combustion energy.

4 Conclusions

In this study, a small-scale fixed-bed tube fur-
nace was used to determine the one-dimensional ra-
diative energy flux in oxy-fuel combustion for solid
fuels such as coal and semi-coke, for evaluating ra-
diative energy utilization in solid fuel combustion.
Subsequently, a semi-empirical prediction model for
the radiative energy flux was established based on
heat transfer theory. Finally, an ANN was used to
model the radiative energy flux and was compared
with the semi-empirical model. The following con-
clusions can be drawn:

1. The volatile matter and soot released during
the initial stage of solid fuel combustion was the main
cause of a reduction of the radiative energy flux.
Therefore, the use of low volatile fuels and oxy-
enrich combustion could enhance the proportion of
flame radiative energy.

2. Elevating the temperature in oxy-fuel com-
bustion was the most important factor to enhance the
proportion of radiative energy. In practice, the use of
a flue gas heat regenerator, an insulated furnace, and
high calorific value fuel could increase the proportion
of flame radiative energy.

3. The radiative energy flux in the combustion of
poly-generation semi-coke was higher than that of
coal by about 16%-27%, and the semi-coke from
higher-temperature pyrolysis had greater radiation
energy. Therefore, an efficient coal grading conver-
sion scheme could be created by combining coal py-
rolysis poly-generation with quality-splitting conver-
sion of semi-coke combustion energy.

4. The radiative energy in a specific combustion
mode could be described both by a semi-empirical
model and an ANN. The ANN had not only high
accuracy, but also excellent adaptability compared
with the semi-empirical model. The ANN also had a
good ability to predict experimental results. There-
fore, an ANN provides a reliable research method for
quality-splitting conversion of combustion energy.
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