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Abstract 
 
The possibility of burning pulverized peat in a swirling flow of an oxidizer in the volume of a vortex 
burner device is investigated. The results of numerical simulation of the operation process taking into 
account chemical reactions are presented. On the basis of calculations, the optimal geometry of the 
device is suggested, which provides an increase in the stability, environmental friendliness and 
combustion efficiency of peat fuel.  
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1. Introduction 
 
The tendency of increasing the specific power of the main equipment of thermal 

power plants defined an active development of technologies of dust-like combustion of solid 
fuel in the XX century. Combustion of solid fuel in the form of dust makes it possible to 
effectively use multi-ash and low-reaction types of coal and shale, reaching high heat flux 
densities while reducing the inertia of combustion and ensuring the required emission 
characteristics of boiler equipment.  

Low reactivity and combustion rate of solid fuel in most cases cause the need to 
stabilize the combustion of dust particles with a fuel oil torch. At the same time, the 
combined combustion of solid fuel and fuel oil significantly reduces the efficiency and 
environmental friendliness of the combustion process.  As practice shows, the mechanical 
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underburning of fuel increases by 10-15%, the boiler efficiency decreases by 2 – 5%, the 
corrosion rate of screen surfaces increases, the emission of nitrogen and sulfur oxides 
increases by 30 – 40% (Karpenko et al., 2002).  

One of the ways of achieving the oilless operation of solid fuel boilers is the 
development of burners that provide flaming the furnace due to the combustion of the main 
pulverized fuel (Alekseenko et al., 2012; Serant et al., 2012). The use of such schemes of 
combustion and principles of the organization of operation process in the combustion of solid 
pulverized fuels, it seems appropriate to stabilize the combustion process, boilers and steam 
generating units, however, the low degree of knowledge of the issue at the present time 
prevents their practical development.  

The main objective of the study is to find the most effective conditions for the 
combustion of pulverized fuel in a swirling flow. This will allow us to formulate the 
conditions for the stabilization of pulverized fuel without the use of other high-reaction types 
of fuel, increase the combustion efficiency and reduce the emission of pollutants. 

This objective can be achieved with the simultaneous solution of several tasks: the 
study of the flame propagation characteristics in the combustion of pulverized fuel; the study 
of the combustion under different operating parameters; the definition of the effect of the 
operating mode on the environmental efficiency of the burner.  

 
2. Materials and methods 

 
The vortex burner (Mikhailov et al., 2018) which was used to study the combustion of 

pulverized fuel is shown in Fig. 1. This burner provides airflow swirling which contributes to 
the stable intensive combustion of pulverized fuel and the formation of a local "ring" of high 
temperature, ensuring the stability of the process. Peat dust corresponding to the 
characteristics obtained in the works (Mikhailov et al, 2017; Mikhailov et al, 2019) was used 
as fuel. 

 

 
 

Fig. 1. Vortex burner 
 
The simulation of the operation process of the vortex burner taking into account 

chemical reactions is performed on the basis of ANSYS CFX.  The problem statement was 
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carried out for the quarter model, the calculation grid of hexagonal type consisted of 800,000 
elements. The calculations took into account the combustion of fuel, aerodynamics of 
combustion products, air and polydisperse flow of dust particles, as well as heat and mass 
transfer.  

The gas-phase flow (volatile, oxygen) was simulated using the Euler continuum 
model, and the trajectories of solid particles were calculated in a discrete Lagrangian 
formulation.  The use of the combined Eulerian-Lagrangian approach allows us to describe 
in detail the processes of interaction of two-phase flows taking into account the dispersion of 
particles and gives qualitative convergence results with experimental data (Gil et al., 2011). 
Reynolds-averaged Navier-Stokes equations were used; the turbulence was described by k-ε-
model. This model is often used in problems with strong curvature of current lines and is 
valid for turbulent flows when the direct influence of viscosity on the turbulence structure is 
negligible. The mathematical description of particle dispersion, radiation heat exchange, 
heating and drying of the fuel, the yield of volatile and combustion of coke particles is based 
on the following functional dependencies.  

The dispersion of fuel particles is described by Rosin-Rammler distribution, in which 
the grain characteristic of the dust is split into groups within the allowable particle size 
determined by sieve residue Rn and the polydispersity coefficient n (Gil et al., 2011) (Eq.1): 
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where δ is the average particle size in each interval; δ1 is the minimum particle size; δ2 is the 
maximum particle size. 

Radiation heat transfer in two-phase flow is simulated within the P1 approximation of 
the spherical harmonics method and is described by the system of Eqs. (2, 3): 
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where H is the spatial density of the incident radiation; ag is the coefficient of absorption of 
radiation by triatomic components of flue gases; χe is the coefficient of thermal radiation 
attenuation by triatomic gas components and fuel particles; σ is Stefan-Boltzmann constant; 
SH – absorption of radiation by fuel particles. 

Heating and drying of fuel particles are associated with a change in their mass (Eq. 
4), 
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and temperature which at a value equal to the boiling point of water does not change until the 
complete evaporation of moisture, and at lower values can be described by the ratio (Eq. 5), 
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where mp is the current mass of the particle; Tp is the current temperature of the particle, cp is 
special heat capacity; Ap is particle surface area; hc and α are mass and heat transfer 
coefficients; ( )

SOH 2
C  and  ( )

∞OH2
C  are water vapor concentration at the particle surface and 

in the gas; εp is the emissivity of the particle, θp is the radiation temperature, T∞ is the local 
temperature of the fluid, Lvap is heat of vaporization. 

The release of volatile components is a process of thermal destruction of a fuel 
particle, as a result of which combustible hydrocarbons and inert volatile products enter the 
domain. The rate of volatile yield is described by the dependence (6): 
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where Y is the actual yield of volatiles; C0 is the mass fraction of unreacted raw materials; Av 
and Ev are the constants of the Arrhenius equation; Tp is the temperature of the fuel particle, 
R is the gas constant. 

Afterburning coke residue, following the release of volatile fuel components, 
described by a system of Eqs. (7, 8): 
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where Q is the thermal effect of coke combustion; ( )

∞2OC  is the local concentration of 

molecular oxygen; Vf is the combustion rate of coke residue taking into account oxygen 
diffusion to the particle surface. 

The values of the basic boundary conditions used in the calculations are presented in 
Table 1. 

 
Table 1. Boundary conditions 

 
Parameter Symbol Value 

Power  N 1…20 kW 
Air excess factor  α 0.6…2.5 
Fuel mass flow rate  Gf 0.215…4.03 kg/h 
Primary air  mass flow rate Gair1 0.72…8.50 kg/h 
Secondary air  mass flow rate Gair2 0.48…6.20 kg/h 
Fuel temperature  Tf 300 К 
Air total temperature  T*air1, T*air2 300 К 
Mass fraction of fuel particles smaller than 60 µm R60 57 % 

 
3. Results and discussion 

 
Numerical study of the operation process of the vortex burner at fuel mass flow rate 

of Gf = 2.15 kg/h, corresponding to the nominal operating mode for thermal power N = 10 
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kW, showed that peat dust ignites and burns steadily without burning secondary fuels, 
forming a toroidal ring of high temperature in the combustion chamber. Its occurrence is due 
to the low velocities in this area and the high separation ability of vortex structures, 
providing fuel concentration corresponding to high burning rates (10…15 m/s) in the central 
part of the vortex. 

The dependence of the combustion efficiency of fuel η on the air excess factor α in 
the range α = 1.0...2.4 is determined on the regime of constant thermal power N (Fig. 2). At 
the initial phase of dependence η = f(α), the fraction of burned fuel increases linearly to the 
value α = 1.5. The highest value of η = 0.86 takes on the plot of α = 1.5...1.7, then η 
decreases with increasing air excess factor. In order to compare the obtained dependence 
with the known experimental data, Fig. 2 shows the experimental curves 2 and 3, 
characterizing the combustion efficiency of peat dust in a swirling airflow moving in 
cylindrical chambers with a diameter of 20 and 30 mm at a fuel mass flow rate of Gf = 0.25 
kg/h (Karpenko and Messerle, 2000). As can be seen from the graph, the presented 
dependences have a similar functional character: close to linear growth and loss of 
combustion efficiency, the presence of a maximum. The difference is in the quantitative 
values, which are determined primarily by the conditions of research. 

Experimental data (curves 2 and 3), obtained by Karpenko and Messerle (2000) show 
the possibility of burning peat dust in the range of α < 1.75, after which a "lean flameout" is 
observed. The upper limit of stable combustion by the air excess factor for the calculated 
dependence 1 corresponds to α = 2.4. This is due to the difference in the geometry of the 
combustion chambers. Considered burner (Fig. 2, curve 1) has a stabilizing high-temperature 
section of the mixing chamber as well as a distributed air supply. 

 

 
 

Fig. 2. The dependence of the combustion efficiency η on the air excess factor α: 
1 – the results of numerical simulation  at the outlet of the burner; 2 and 3 – experimental dependences 

obtained by burning peat dust (Karpenko and Messerle, 2000) 
 
To determine the limits of stable combustion by thermal power, the analysis of the 

operation process of the vortex burner at different fuel mass flow rates with a constant 
geometry of the device and a constant air excess factor α = 1,6 corresponding to the highest 
combustion efficiency (Fig. 3) was performed. The relative fuel mass flow rate fG is the 
ratio of the current value of the fuel mass flow rate Gf to the mass flow rate Gf nom at the 
nominal power mode (N = 10 kW) (Eq. 9). 
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According to the results of the calculations, the lower threshold of the relative fuel 

mass flow rate corresponds to fG  = 0.1, after which there is a backflash from the active 
combustion zone to the region of fuel mixing and dust supply. The upper value of the 
boundary of stable reactions is observed at fG  = 2.0, the increase of which leads to the flame 
blowout and the cessation of combustion. 

 

 
 

Fig. 3. Temperature contours in the vortex burner at α = 1.6: 
1 – fG = 0.1, 2 – fG = 0.8, 3 – fG = 1.4, 4 – fG = 2.0 

 
Presented in Fig. 4, the dependence of the combustion efficiency η decreases with 

increasing relative fuel mass flow rate fG . 
 

 
 

Fig. 4. The dependence of the combustion efficiency on relative fuel mass flow rate 
 
A two-stage rich-lean combustion scheme is implemented in the developed burner, 

which avoids large-scale areas of high temperature (more than 1850 K) and reduces the 
emission of nitrogen oxides (Fig. 5).  
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Fig. 5. Contours of the NO mass fraction (1) and molar reaction rate (2) in the vortex burner 

 
The norm for the concentration of NO and NO2 in the combustion products of peat 

fuel for modern thermal power plants is 150-250 mg/nm3 and when burning coal dust, the 
permissible concentration is 200-450 mg/nm3 (IPPC Directive, 2008). According to the 
simulation results, the concentration of nitrogen oxides NO and NO2 at the outlet of the 
burner is 90 mg/nm3, which is 1.5-2 times lower than the permissible value. 
 
4. Conclusions 
 

The studies showed that the process of burning pulverized peat in swirling flow in 
contrast to the direct-flow cylindrical chamber can be arranged in a wide range at the excess 
air factor α = 0.9…2.1.  The organization of the burner’s operation can stabilize the flame 
without a supply of additional highly reactive fuel.  

Analysis of the obtained data allowed us to assume that the presence of regions with 
velocities of 10...15 m/s determines the stability of the burner. Backflash to the region of fuel 
inlet occurs at lower velocities when fG < 0.15 and flame blowout occurs at higher velocities 
when fG > 2.1.  

Comparison of the obtained results with the known experimental data on peat dust 
combustion showed a qualitative correspondence of the calculated values to the experimental 
values. 
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