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1. Introduction

Coal is one of the most important primary energy 
sources in the generation of heat and electricity. In recent 
years, there has been a growing interest in the processes of 
co-combustion in the furnaces of pulverized coal boilers of 
mixtures of various solid fuels. As numerous studies show, 
the combustion of such mixtures is difficult to predict due 
to the multifactorial interaction between the two fuels. It is 
possible to take into consideration the mutual influence of 
two solid fuels when they are burned together only by CFD 
modeling.

2. Literature review and problem statement

There are reported calculations of the processes of 
co-burning of different types of solid fuels, mainly coal with 

biomass, by using various software: CFX [1], AVL Fire [2, 3], 
as well as programs by the authors of works [4–6]. The use 
of the ANSYS FLUENT software is widespread [7–9]. The 
technology for the use of dried biomass is explored in [7]; it 
is shown that this could significantly increase the share of 
biomass in the fuel. The emphasis of [8] is on the difficulty of 
reflecting the biomass burning kinetics in the model and the 
feasibility of accounting for the effect of the shape and size 
of its particles on the combustion process. The authors of [9] 
draw attention to the potential of the co-burning of coal with 
lightweight biomass (with a density of about 150 kg/m3).

However, the authors of papers [7–9] did not consider it 
necessary to address the issue of assigning the composition 
and properties of the two solid fuels. This process is difficult 
to recognize as obvious as the documentation for the soft-
ware, while indicating the applicability of liquid or gas fuel 
additionally to solid fuel, misses the possibility of using a 
second solid fuel.
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The use of binary mixtures in TPP steam generators 
as fuels is caused by various reasons, such as improve-
ment of ignition conditions and the possible environmen-
tal benefits of burning binary mixtures. Since the exist-
ing boilers of TPP were calculated for burning a single 
type of solid fuel, the relevance of numerical modeling of 
the combustion processes of binary mixtures is obvious. 
Among the software widely used to estimate the opera-
tion of energy devices is the ANSYS FLUENT program, 
whose specification does not include the procedure for 
using it in order to simulate the combustion of solid-fu-
el mixtures.

To apply the software for this purpose, in the first 
approach, the mixture of solid fuels is replaced by one 
fuel with averaged characteristics. Such a model is 
approximate because it is impossible to reproduce the 
interaction among the components of the mixture. The 
second approach makes use of the ANSYS FLUENT soft-
ware's feature to take into consideration additional (liq-
uid or gas) fuel to replace it by the second solid fuel.

The application of these approaches to the descrip-
tion of the combustion process of anthracite and gas 
coal mixtures in different ratios and with different par-
ticle sizes has shown the proximity of parameters in the 
furnace. At the same time, the use of a second approach 
demonstrated the effect exerted by a bituminous coal 
additive on the fields of anthracite burning intensity, 
consistent with the known fact of intensification of the 
combustion process of a less active component of the mix-
ture with the addition of a more active one. 

To test the simulation in line with a second approach, 
the processes in the furnace of the TPP-210A boiler were 
calculated in three-dimensional approximation when 
replacing the lean coal with a mixture of bituminous coal 
and anthracite. The proximity of the resulting parame-
ters is consistent with the known test data and confirms 
the sufficient correctness of the simulation of the combus-
tion of the mixture of coals
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3. The aim and objectives of the study

The aim of this study is to develop ways to use the AN-
SYS FLUENT software to simulate the combustion process 
of solid fuel mixtures.

To accomplish the aim, the following tasks have been set:
– to formulate approaches to modeling the combustion 

process of the mixture;
– to perform calculations and compare the results of 

these approaches;
– to simulate the combustion process of coal mixture 

in an industrial boiler and evaluate the results of modeling.

4. Approaches to modeling the combustion of mixtures in 
the ANSYS FLUENT software

The Discrete Phase model used in ANSYS FLUENT 
makes it possible to introduce to the estimated area dust of 
several coals with different types, consumption, particle dis-
tributions by size, the technical and elemental analysis data, 
and combustion heat. In this case, the combustion process is 
described by the non-Premixed Combustion model, in which 
the thermochemical interaction between fuel and oxidizer is 
formed by a mixture fraction parameter in one of two possi-
ble modifications ‒ a single mixture fraction, or two mixture 
fractions. Simulation of particulate combustion is possible 
using any of these modifications.

However, the second one operates two different compo-
sitions ‒ primary (for coal, coke), and secondary (volatile 
substances), while the single mixture fraction 
modification the only composition describes a 
mixture of coke and volatile substances. The 
single mixture fraction model is considered 
less accurate but has the advantage that the 
second of two possible mixture fractions (sec-
ondary) remains untapped. Therefore, it can be 
used if necessary (as indicated in the software 
documentation) to assign the composition of 
a second gaseous or liquid fuel. As regards 
its applicability for assigning the composition of a second 
type of solid fuel, the ANSYS FLUENT documentation 
keeps silent. Because the dependence of a mixture fraction 
parameter on coal characteristics prior to the start of the 
main simulation is estimated and tabulated in a separate 
file (the so-called PDF file), this file typically fails to 
match the parameters of a mixture of two different coals.

An obvious, though clearly approximate, approach to 
resolving this issue is to use the weighted average compo-
sition and properties of the coal mixture. In this case, when 
calculating the PDF file, corresponding to the mixture of 
two coals in the required mass ratio, data on the technical 
analysis are assigned, as well as the elemental composition 
and combustion heat, as the weighted average, taking into 
consideration the mass fractions of components in the coal 
mixture. Thus, the mixture of different coals is replaced by 
one coal with average characteristics.

Another approach is possible under the assumption that the 
secondary mixture fraction can be used to set the composition 
of not only liquid or gaseous fuel but also a second brand of 
solid fuel (technically, the software allows such a task). In this 
case, one can expect a more correct description of the processes 
in the furnace. This approach hereafter is referred to as a more 
accurate one or a simulation of the burning of a “real mixture.”

This paper examines, in a two-dimensional approximation, 
the combustion process of a coal mixture in a rectangular es-
timated region: the inlet of air and pulverized coal on the left, 
the outlet on the right, a horizontal wall from above, and the 
plane of symmetry from below. The height is 0.5 m, the length 
of the flow is 6 m, the size in the third direction is considered 
by default to equal 1 m. Solid fuel consumption in all estimat-
ed variants corresponds to the thermal power of 200 kW, the 
air parameters at a temperature of 573 K are selected from 
the condition that at the inlet the excess oxidizer factor is 1.2. 
The contribution of radiation is determined by the P-1 model, 
the degree of blackness of particles is accepted equal to 0.8. 
To reduce the effect of the wall on the flow parameters (as it 
is a secondary factor in the plan of the problem under consid-
eration), the wall is set adiabatic with a zero blackness degree. 
The aerodynamic structure of the gas phase is described by 
the k-epsilon model. The burning of anthracite, bituminous 
coal, as well as their mixtures, with different ratios on thermal 
power, at the same (but varied) size of particles, is considered.

The elemental composition per dry ash-free basis (DAF), 
as received basis, as well as the heat of combustion of the 
coals considered, are given in Table 1.

The ANSYS FLUENT software makes it possible to 
take into consideration the difference in the total amount of 
volatile matter in fuel (accounting for the high-temperature 
output of volatile matter, exceeding by K times the value of a 
standard analysis). It is accepted that, for anthracite, K=2.4, 
for bituminous coal, K=1 [10]. The kinetic coal constants for 
use in the software are determined by comparing particle 
combustion rates in line with models reported in [11, 12].

5. Results of modeling the combustion of a mixture of 
solid fuels

First, let us analyze the results of using a first approach. 
The gas-phase temperature fields in the estimated region, at 
a particle size of 120 µm, for different compositions of the 
mixture are shown in Fig. 1. There has been a marked shift 
in the maximum temperature region against the flow and its 
decrease with an increase in the share of bituminous coal. 
This indicates an earlier ignition of bituminous coal particles 
due to its greater, relative to anthracite, reactive capacity [13].

Since this approach actually reproduces the behavior 
of one coal, the results derived cannot claim to reflect the 
processes associated with the reciprocal influence of the com-
ponents of the mixture, an important aspect of the use of mix-
tures. One can expect this only from the results of modeling 
using a second approach, a “real mixture”, which we turn to.

The temperature fields in the estimated region at different 
compositions of the mixture for particles measuring 120 µm 
are shown in Fig. 2. In the presence of quantitative differences, 
there are similarities with the results from the first approach.

The quantitative effect of a bituminous coal additive 
on maximum temperatures according to Fig. 2 are shown 

Table 1

Coal characteristics

Fuel C H O N S Vr Ar Wr ,r
iQ  

MJ/kg

Anthracite 0.930 0.017 0.019 0.009 0.015 0.024 0.229 0.01 25.02

Bituminous 
coal

0.800 0.055 0.085 0.014 0.046 0.276 0.230 0.01 24.24
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in Fig. 3. There is also a tendency to reduce the maximum 
temperature as the particle size increases.

Fig. 1. Gas-phase temperature fields at a particle size 
of 120 µm based on the results of simulating the mixture 

considering it coal with average characteristics  
(the proportion of bituminous coal in the mixture  

is shown on the right)

Fig. 2. Gas-phase temperature fields at a particle size of 
120 µm according to the simulation of the “real mixture” for 
the different compositions of the mixture (on the right are 

the proportions of bituminous coal)

Fig. 3. Maximum temperatures in the calculated region, 
depending on the composition of the mixture at different 

particle sizes

The character of the distributions of the rate of mixture 
burnout manifests that it is determined by the imposition of 
combustion parameters of two processes, often mismatched 
in space, ‒ the burning of anthracite and bituminous coal. 
This is explained in Fig. 4 that shows the combustion rate 
of the mixture and its components using an example of one 
of the modes. In those regions of the flow where bituminous 
coal does not burn (at distances from the inlet х<0.1 m and 
x>0.53 m), the rate of combustion of the mixture is the same 
as that of anthracite. At х=0.1…0.53, when both coals burn, 
the rate of combustion of the mixture is greater than each 
of the components of the mixture and is close to their sum.

Fig. 4. The distribution of the burnout intensity of anthracite 
coke, bituminous coal, and the entire mixture with 50 % of 
bituminous coal at a particle size of 70 µm along the length 

of the flow

In general, the effect of the composition of the mixture 
and the size of the particles on the distribution of burnout 
intensity of the components of the mixture along the length 
of the flow is illustrated in Fig. 5, 6. There is a tendency to 
increase the maximum intensity of burnout of the compo-
nents of the mixture with the growth of their share in the 
mixture composition. At the same time, the localization of 
the maximum burnout intensity for anthracite shifts along 
the flow, and for bituminous coal ‒ against the flow. Increas-
ing the size of particles leads to a decrease in the magnitude 
of these maxima.

a 

b 

c 
Fig. 5. The distribution of the burnout intensity of anthracite 

in the mixture at its specified compositions and a particle 
size of a – 25 µm; b – 70 µm; c – 120 µm, along the length 

of the flow
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a 

b 

c 
Fig. 6. The distribution of the burnout intensity of bituminous 

coal in the mixture at its specified compositions and  
a particle size of a – 25 µm; b – 70 µm; c – 120 µm,  

along the length of the flow

Fig. 7 shows an example of the reciprocal arrangement of 
the regions of volatile substance discharge and the burnout 
of coke in the mixture of the coals examined.

Fig. 7. Reciprocal location of the regions of the volatile 
matter evolution and the burning of coal coke for a mixture 

with 50 % of bituminous coal at a particle size of 70 µm

One can see that the burning regions of each type of 
coal are located lower along the flow relative to the re-
spective regions of the evolution of volatile matter. At the 
same time, the corresponding regions of bituminous coal 
are the first to be located along the flow. This is consistent 
with the idea of the intensifying role of bituminous coal 

in the ignition of anthracite and the evolution of its vola- 
tile matter.

6. Simulation of the burning of a mixture of coals in  
the furnace of the TPP-210A boiler

It is known [14] that the processes in the furnace, when 
replacing the lean coal with a mixture of anthracite with 
bituminous coal, are almost unchanged. It is possible, by com-
paring the estimation parameters when using these solid fuels 
in the boiler, to assess the simulation results. At the same time, 
the consumption of components of the mixture of bituminous 
coal with anthracite is advisable to choose from the conditions 
that are the same to the variant of burning the lean coal mass 
consumption of volatile matter and the thermal combustion 
power. Below, the volatile matter share, taking into consider-
ation their high-temperature output, is marked by symbol V 
with indices B, L, or A, respectively, for the parameters of 
bituminous, lean coal, and anthracite. At the mass share of 
bituminous coal in the mixture kB=mB/(mB+mA) the balance 
of the consumption of volatile matter yields

T T G G A Am V m V m V= +  				     (1)

where symbol m with indices indicates the mass consump-
tion of the respective coal grads, hence, it follows:

( ) .
1 /

T
G T

G G A G

V
m m

V k V k
=

+ −
 			    (2)

A condition of the balance of thermal capacity

r r r
T i T G i G A i Am Q m Q m Q= +  			    (3)

produces the following equality:

( ) .
1 /

r
i T

G Tr r
i G G i A G

Q
m m

Q k Q k
=

+ −
			   (4)

It follows from (2) and (4):

1
.

1
G r r

G i T T i G
r r

T i A A i G

k
V Q V Q
V Q V Q

=
−+
−

			    (5)

Based on the value of kG, one can find mG from (2),  
and then 

( )1 / .A G G Gm k m k= −  				     (6)

The characteristics of the coals considered are given  
in Table 2.

Table 2

Coal characteristics

Fuel
Wr Ar Vr С Н О N S r

iQ

% % % % DAF MJ/kg

Lean coal 5 23.8 10.7 88.1 4.4 2.4 1.3 3.9 24.2

Anthracite 8.5 22.9 2.4 93.0 1.7 1.9 0.9 2.5 22.6

Bituminous 
coal

8 23 27.6 80.0 5.5 8.4 1.4 4.6 22.0
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For these conditions, the kG value was 0.31. 
The high-temperature volatile matter evolution param-

eter for lean coal is accepted equal to K=1.3. Fig. 8 shows 
the temperature fields in the cross-section of the furnace of 
the TTP-210A boiler, operated on lean coal and a mixture 
of anthracite with bituminous coal. One can note that the 
replacement of lean coal with a mixture of coals does not 
significantly affect the field of temperatures.

Fig. 8. Temperature fields when using lean coal and  
a mixture of anthracite with bituminous coal:  

a – in the vertical cross-section of the furnace of  
the TTP-210A boiler; b – in the horizontal cross-section of 

the lower clamp

To quantify the effect of replacing lean coal with a mix-
ture of anthracite with bituminous coal, Fig. 9 shows the 
distributions of the average flow temperature for the height 
of the furnace under these modes. The difference that does 
not exceed 45 K can be considered small.

Fig. 9. Change in average flow temperature for  
the height of the furnace based on the calculation results 

when using lean coal and a mixture of coals

According to the calculations, the unburned car-
bon loss in the furnace when using a mixture of bituminous 
coal with anthracite, which was 1.6 %, is quite close to the 
value for lean coal (1.1 %).

Thus, the calculations reveal practical convergence of the 
results when using lean coal and a mixture of bituminous 
coal with anthracite, which is consistent with the experi-
ence of industrial tests [14]. This can be interpreted as a 
confirmation of the correctness of the considered approach 
to modeling the combustion of a mixture of coals.

7. Discussion of results of modeling the process of 
burning a pulverized coal mixture

The two proposed approaches to modeling the process 
considered, notwithstanding the similarity of the resulting 
temperature fields, differ significantly both in their essence 
and in the individual characteristics of the results. The first 
approach, implying the consideration, instead of a mix-
ture of different fuels, one fuel with the properly averaged 
parameters, is fundamentally simpler. It fits fully into the 
capabilities of the ANSYS FLUENT software but it cannot 
take into consideration the important factor of interaction 
between the components of the mixture; in this respect, it is 
clearly approximate. Another approach uses the software’s 
suitability to describe the burning of solid fuel particles 
with a second liquid or gaseous fuel when they are replaced 
with a second solid fuel. In this case, the interaction among 
the components of the fuel mixture (Fig. 7) is similar to that 
described in paper [14]. This approach is used to simulate 
the three-dimensional combustion process in the furnace 
of the TPP-210A boiler  of a mixture of anthracite with 
bituminous coal with a total amount of volatile matter and 
thermal capacity similar to that of lean coal. The parame-
ters, obtained under these modes in the furnace, are similar: 
the temperature difference (Fig. 9) does not exceed 45 K, 
unburned carbon loss 0.5 %, which is consistent with 
study [14], and confirms the correctness of the considered 
approach to modeling the combustion of the fuel mixture. 
This, of course, does not contradict the expediency of further 
research into the processes of modeling the combustion of 
solid-fuel mixtures in the furnaces of boilers and comparing 
their results with experimental data, which may become the 
task of further work.

8. Conclusions

1. Two approaches to modeling the combustion process 
of a solid-fuel mixture by the ANSYS FLUENT software 
have been formulated: an approximate one, reduced to the 
replacement of a mixture of different fuels with one fuel with 
averaged parameters, and a more accurate one, based on the 
hidden capabilities of the software.

2. Simulation of the combustion process of anthracite 
mixtures with bituminous coal at the variation in their 
mass ratio and particle size has shown the proximity of 
temperature fields obtained under different approaches. 
However, the second (“more accurate”) approach demon-
strates the mutual location of the regions of discharge of 
volatile substances and the intensities of combustion of 
the mixture components, consistent with the combustion 
intensification of a less active component by adding a more 
active one, known from the scientific literature. This con-
firms its advantage.

3. A more accurate approach is used to simulate the 
three-dimensional combustion process of the anthracite-bi-
tuminous coal mixture in the furnace of the TPP-210A 
boiler in comparison with the results from modeling the 
process of burning lean coal. Insignificant differences 
of the resulting temperature fields (up to 45 K) and un-
burned carbon loss (0.5 %), consistent with known test 
data, confirm the correctness of modeling the process of 
burning a fuel mixture.
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