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Abstract 
In this work the thermo-fluid dynamic behavior of a full scale, swirl stabilized, 
aerodynamically staged, low-NOx burner for coal, wall fired boilers, is numerically 
investigated. The simulations refer to corresponding experimental tests carried out 
at the Ansaldo Caldaie Combustion Environment Research Centre (CCA) in Gioia 
del Colle (Italy) in full scale, single burner configuration. 
In order to avoid any unrealistic assumption on pulverized coal distribution at the 
burner inlet, the entire primary air duct for pulverized coal transportation has been 
considered. The steady, incompressible, three-dimensional, Reynolds Averaged 
Navier-Stokes (RANS) equations are discretized by means of a finite volume 
approach. Turbulence is modeled by means of the Realizable k-ε model. The 
radiative heat transfer is evaluated by means of the P1 model. The pulverized coal 
is simulated as a discrete second phase in a Lagrangian frame of reference, 
computing the trajectories of the discrete phase entities, as well as heat and mass 
transfer. The coupling between the phases and its impact on both the discrete phase 
trajectories and the continuous phase is also included. The pulverized coal 
combustion process is supposed to be composed by the following steps: particle 
heating; particle expansion; devolatilization; swelling; volatile matter combustion; 
char burnout. 
Numerical results are compared with the experimental data acquired on three 
different traversing close to the burner head and include species concentrations (O2, 
CO, CO2) and temperatures. Considering the very high complexity of the problem 
under investigation, results are in very good agreement. Furthermore, the numerical 
analysis confirms the very good burner performance with a very low percentages of 
fixed carbon left in the ashes. 
 
Introduction 
As evidenced by the International Energy Agency [1], fossil fuel will still remain 
the main energy source for a long time, even in the optimistic hypothesis of a 
continuous growth of renewable energy. Among fossil fuel, coal is experiencing in 
these years a renewed interest. Even if it could be surprising, coal is actually one of 
the main energy sources in the World [2]. Therefore, a good understanding of the 
coal combustion is crucial. This is particularly true if the aim is to develop CFD 
models able to give quantitative results more than qualitative trends. It is also 
fundamental to have high quality experimental data, which can be used as bench 
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marks to validate the models. The present work can actually rely on the accurate 
measurement performed on a full scale, swirl stabilized, aerodynamically staged 
pulverized coal burner, singularly tested in the 50 MWt plant, located at the 
Ansaldo Caldaie Combustion Environment Research Centre (CCA) in Gioia del 
Colle (Italy). This plant, devoted to test individual burners in full scale and 
operating conditions, is actually one of the most important full instrumented test 
rigs dedicated to the combustion research activity in Italy. It is capable of firing 
coal, heavy oils and gas. The boiler is 5.5 m high, 4.35 m wide and 12.5 long. 
In the present work the experimental and numerical activity is referred to a three 
flux coal burner. The tests have been performed on pulverized hard coal coming 
from Klein Kopje mine (South Africa). 
The combustion configuration taken into account is characterized by a pulverized 
coal mass flow rate Gb equal to 4.43 t/h. the mass flow rate of the primary air Ga1 is 
equal to 9.48 t/h (Ta1 = 356 K), whereas the mass flow rates of the secondary (Ga2) 
and the tertiary air (Ga3) are both equal to 18 t/h (Ta2/3 = 564 K). Secondary air is 
swirled (clock wise) with an angle equal to 45°, whereas tertiary air is swirled 
(clock wise) with an angle equal to 15°. 
A great effort was devoted to properly design the 3D computational grid 
(4˙293˙377 cells), which includes the burner and the entire combustion chamber. In 
order to avoid any assumption on the pulverized coal distribution at the burner exit, 
the entire primary air duct was considered; whereas, the fluxes inside secondary 
and tertiary air ducts were not simulated, assigning suited inlet boundary 
conditions, near the burner head, in terms of mass flow rates and swirl numbers. 

Mathematical model 
The CFD code Fluent® (version 6.3.26) has been used in this work as the 
modelling software. The steady incompressible three-dimensional RANS equations 
are discretized by means of a finite volume approach. The pressure velocity 
coupling is achieved by means of the SIMPLE algorithm (Semi-Implicit Method 
for Pressure-Linked Equations). The convective terms are discretized using a 
second order accurate upwind scheme and pressure and viscous terms are 
discretized by means of a second order accurate centered scheme. Turbulence is 
modeled by means of the Realizable k-ε model. The absence of the singularity in 
the dissipative term of the ε transport equation represents the main peculiarity with 
respect to the older standard k-ε model. The Sutherland model has been chosen in 
order to consider the temperature dependency of the molecular viscosity. 
During the experimental tests, the South African bituminous inertinite-rich Klein 
Kopje coal was burned. In order to define reasonable values for all the parameters 
needed in the model, the unknown parameters were taken from another, better 
studied, South African coal (Highveld coal). This choice can be justified in 
consideration of the similarities between the Highveld coal and Klein Kopje coal 
[3], [4], [5] (both considered inertinite-rich, and presenting very similar ultimate 
analyses). 
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The numerical simulation consider coal as a discrete phase interacting with the 
continuous one. Coal particles are injected into the computational domain and 
tracked in a Lagrangian frame of reference. Trajectories of these discrete phase 
entities, as well as heat, mass and momentum transfer from/to them are then taken 
into account. Two-way coupling between phases is enabled considering sink and 
source terms into the Navier-Stokes equations. 
The effects of turbulence on the dispersion of particles due to turbulent eddies 
present in the continuous phase are taken into account by means of the Discrete 
Random Walk option. In the present work three repetitions are considered. 
The radiative heat transfer is calculated by means of the P1 model. In order to 
consider the dependency of the absorption coefficient with respect to the 
composition, the Weighted Sum of Gray Gases Model (WSGGM) is used. The 
characteristic cell size method has been applied to calculate the path length. 
Particle emissivity and particle scattering are both taken equal to 0.9. 
The pulverized coal combustion process is considered subdivided into 5 well-
defined steps: particle heating; particle swelling; devolatilization; volatile matter 
combustion (homogeneous combustion in the continuous phase); char burnout 
(heterogeneous combustion). 
With regards to the volatile matter combustion the Probability Density Function 
(PDF) approach has been used in this work. In order to make quantitative 
predictions about coal combustion behavior, it is imperative that coal 
devolatilization parameters, such as rate of gas phase formation and amount of gas 
phase released, are accurately predicted. In this work, the Chemical Percolation 
Devolatilization (CPD) model is used, which is able to take into account the thermo 
chemical transformations of the coal structure [6], [7], [8]. Input data required by 
this model are obtainable by Nuclear Magnetic Resonance (NMR) coal analysis 
and did not require any fitting to the experimental ones. 
After the devolatilization of the volatile components of the particle is concluded, a 
surface reaction begins, which consumes the solid combustible fraction of the 
particle. Char burnout models consider coal as composed by porous spherical 
grains. In this work the Intrinsic char burnout model was considered. The reaction 
rate is controlled (limited) by the kinetic and the oxidant diffusion [9]. Char 
porosity has been computed considering true and apparent density [10], [11]. 

Numerical results 
Thanks to the swirl imposed to the secondary and tertiary air flows it is possible to 
confine the flame core. Moreover on the burner axis near the burner head a 
significant recirculation zone is generated, which stabilizes the flame. Temperature 
reaches a maximum value equal to 1820 K (0-a), where the partially burned gases 
meet tertiary air. 
Here CO2 mass fraction has local maxima, whereas the maximum value is reached 
after the completion of the oxidation reactions of both volatile matter and char 
burnout (0-b). CO is mainly present in the flame core where partially burned 
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volatile matter recirculates toward the burner head (0-c). Particularly interesting are 
the pulverized coal particle tracks (0-d). Thanks to the specific geometry of the 
primary air duct, the pulverized coal flux is subdivided into 4 fluxes exiting from 4 
different annular sectors, 45° degree each. 
In order to evaluate the accuracy of the model, numerical results have been 
compared to the experimental data acquired on three different traversing A, B C 
respectively at 0.8m, 1.81m and 2.095m from the burner head. The numerical 
simulation is in very good agreement in term of O2 concentrations (0-a), which 
means that the simulation accurately computes the fluxes of the primary, secondary 
and tertiary air, and in terms of CO2 concentrations (0-b). When CO concentrations 
are considered the simulation gives fairly good results except in the very near 
region of the burner head (0-c). When the temperature is considered (0-d), the 
results are not as good as the previous one with respect to experimental data. 
Moreover at least the flame structure is caught by both numerical simulations. 

 
Figure 1. Visualization of: Temperature (a); CO2 concentrations (b); CO 

concentrations in the symmetry plane and particle tracks (d). 
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Figure 2. Comparison of numerical and experimental results at 3 different 

traversing in terms of: (a) O2 concentrations; (b) CO2 concentrations; (c) CO 
concentrations; (d) temperature. 
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Conclusions 
The numerical simulation was performed on an extremely complex geometry, 
which includes the entire primary air duct for pulverized coal transportation, 
avoiding non realistic assumption on pulverized coal distribution at the burner 
inlet. The particular care in the domain meshing allowed us avoiding any numerical 
instability. Thanks to the application of the Chemical Percolation Devolatilization 
model and the Intrinsic Char Burnout model, a stable and realistic combustion of 
the pulverized coal has been obtained from the numerical simulation. Finally, The 
numerical analysis confirms the very good burner performance with a very low 
percentages (6%) of fixed carbon left in the ashes. 
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