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Abstract: In the next few years, even though there will be a continuous growth of renewables
and a loss of the share of fossil fuel, energy production will still be strongly dependent on fossil
fuels. It is expected that coal will continue to play an important role as a primary energy source in
the next few decades due to its lower cost and higher availability with respect to other fossil fuels.
However, in order to improve the sustainability of energy production from fossil fuels, in terms
of pollutant emissions and energy efficiency, the development of advanced investigation tools is
crucial. In particular, computational fluid dynamics (CFD) simulations are needed in order to support
the design process of low emission burners. Even if in the literature several combustion models
can be found, the assessment of their performance against detailed experimental measurements on
full-scale pulverized coal burners is lacking. In this paper, the numerical simulation of a full-scale
low-NOx, aerodynamically-staged, pulverized coal burner for electric utilities tested in the 48 MWth
plant at the Combustion Environment Research Centre (CCA - Centro Combustione e Ambiente)
of Ansaldo Caldaie S.p.A. in Gioia del Colle (Italy) is presented. In particular, this paper is focused
on both devolatilization and char burnout models. The parameters of each model have been set
according to the coal characteristics without any tuning based on the experimental data. Thanks to
a detailed description of the complex geometry of the actual industrial burner and, in particular,
of the pulverized coal inlet distribution (considering the entire primary air duct, in order to avoid
any unrealistic assumption), a correct selection of both devolatilization and char burnout models
and a selection of suited parameters for the NOx modeling, accurate results have been obtained in
terms of NOx formation. Since the model parameters have been evaluated a priori, the numerical
approach proposed here could be suitable to be applied as a performance prediction tool in the design
of pulverized coal burners.

Keywords: computational fluid dynamics (CFD); pollutant emissions; pulverized coal combustion;
industrial burner; devolatilization; char burnout; NOx formation

1. Introduction

Recent statistics highlight that energy production will still be strongly fossil fuel dependent [1,2].
Over 90% of energy-related emissions are composed of CO2 from fossil-fuel combustion. Even in

Energies 2017, 10, 66; doi:10.3390/en10010066 www.mdpi.com/journal/energies



Energies 2017, 10, 66 2 of 24

the optimistic scenario of a continuous growth of renewable energy with respect to fossil fuels,
hydrocarbons will still be the dominant source of energy in 2035 with a share of 80%, compared to
86% in 2014 [3]. In particular, the oil share will continue to decline (from 32% to 29%), however
keeping its leading position, together with coal (from 30% to 25%), which will be surpassed by natural
gas (from 24% to 26%) [3]. However, the concern about pollutant emissions from coal promotes
an efficiency improvement of the entire energy production technology. The optimization of the
heat transfer in non-reacting parts [4–6] and the integration of renewable energy in conventional
energy systems [7] represent just a few examples that indirectly reduce both the coal demand
and the CO2 emissions, for which computational fluid dynamics (CFD) has a key role. However,
further developments are required to design low emission pulverized coal burners, characterized by
low or negligible NOx emissions and ashes with a very low carbon content. Several approaches
have been developed in order to reduce the pollutant emissions in industrial furnaces: for
instance, the introduction of the moderate and intense low oxygen dilution (MILD) technology
in pulverized coal combustion to reduce the NOx emissions [8,9]; the pulverized coal oxy-fuel
combustion, with CO2 capture from flue gas [10–12]; the combustion of syngas derived from waste
biomass [13–15]; the co-firing of biomass and coal [16–18]. The research activities in this field
are strictly dependent on a good understanding of the coal combustion processes in industrial
applications, even though data concerning coal combustion are mostly obtained in laboratory-scale
experiments, operating far from the actual industrial conditions [19]. Since there are few experimental
measurements in industrial furnaces [19,20] and laboratory tests on full-scale burners are not
easily practicable, numerical simulations can be used, being a common aid in order to investigate
multiphase and combustion problems in a wide range of physical and engineering applications.
In particular, the combustion of pulverized coal within combustion chambers has been studied
numerically, due to the recent interest in this type of combustion technology. Yin and Yan [21]
make a review of the modeling approach to pulverized coal combustion with an overview
on physical fundamentals and technological issues. Rebola and Azevedo [22], Asotani et al. [23]
highlight the influence of the operating conditions on the performance of the burner by means
of CFD. Tan et al. [24] analyze the optimal pulverized coal concentration with respect to the flame
temperatures and pollutants emissions (NOx and fly ash). The pulverized coal combustion involves
several aspects that need to be taken into account in the mathematical modeling of the problem.
Recently, McConnell et al. [25], McConnell and Sutherland [26] and Goshayeshi and Sutherland [27]
performed numerical simulations to investigate the combustion of a single coal particle. Their work
confirms that the particle characteristics, the devolatilization and char burnout models are crucial in
the prediction of combustion performance. The chemical species concentrations in the combustion
process [28–30] and the temperature distribution [31–34] within the combustion chamber are the
key features that a numerical model is able to describe in detail. Commonly, the two-phase flow,
with the solid phase dispersed in the continuous phase, is numerically solved by means of an
Eulerian-Lagrangian approach with one- or two-way coupling between the two phases. Inter alia, large
eddy simulation (LES) analysis coupled with a particle Lagrangian model gives a high level of detail,
but also requires a high computational time [35,36]. Furthermore, particular care should be taken in
modeling the interaction of unresolved sub-grid LES scales with the dispersed phase [37]. On the
other hand, the Reynolds Averaged Navier Stokes (RANS) approach with an adequate turbulence
model provides a consistent solution of the mean flow field without the excessive computational
effort of an LES approach [38]: the realizable k-ε model achieves good results in predicting swirling
combustion flows [39,40]. The recent work of Saha et al. [41] confirms the reliability of the RANS
approach in the case of pulverized coal MILD combustion. In order to reach consistent quantitative
results, accurate experimental data represent a benchmark to validate the numerical codes and
to be confident of the reliability of the numerical results (e.g., [42]). A detailed analysis on both
devolatilization and char burnout models has been carried out highlighting the best combination
of those sub-models in order to achieve a better comparison between the numerical results and the
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experimental measurements. In the present work, accurate measurements obtained from a full-scale,
swirl-stabilized, aerodynamically-staged, pulverized coal burner have been obtained. All of the
experiments have been performed in a stand-alone configuration at the Combustion Environment
Research Centre (CCA) of Ansaldo Caldaie S.p.A. in Gioia del Colle (Italy) [43]. The aim of the present
work is to provide a reliable prediction model of the coal combustion behavior and pollutant emissions
in order to support, by means of numerical tools, the experimental research activity. The model
parameters of the coal combustion have been determined according to the coal characteristic without
any adjusting procedure linked to the specific experimental test rig. Therefore, the influence of the
burner geometry and boundary conditions on the model parameters is expected to be minimized.
An assessment of the existing models of devolatilization and char burnout has been made by means of
a comparison between the numerical and experimental results.

2. Experimental Activity

The experimental activity refers to a full-scale testing of a pulverized coal burner (Figure 1)
for wall-fired steam generators, namely the TEA-C (Three-flux Enel Ansaldo burner), based on the
Low-NOx Burner (LNB) technology, operated in a stand-alone configuration, at the CCA of Ansaldo
Caldaie S.p.A., located in Southern Italy (Gioia del Colle, Bari) (Figure 2).

Figure 1. Three air flux coal burner.

Figure 2. Night view of the 48 MWth experimental facility at CCA, Gioia del Colle, Italy.
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2.1. The Burner

The LNB technology implemented in the TEA-C burner determines a reduction in NOx

emissions by acting directly on the combustion process. Actually, this is one of the less expensive
solutions to reduce NOx emissions from utility boilers and can also be easily retrofitted in existing
steam generators. This LNB reduces emissions by promoting organic nitrogen devolatilization in
a sub-stoichiometric environment and generating a stable attached flame at any burner load by means
of an effective aerodynamic air-staging. Multiple air registers are implemented in order to delay the
mixing of air with coal, which is injected through a coal nozzle in the center of the burner. Primary air
carries the pulverized coal from the coal mill to a multi-port split flame nozzle. The secondary air
swirled flow inhibits the initial flame to spread radially outward, delaying the mixing of tertiary
air with the fuel stream. Tertiary swirled air is then staged for completing the coal combustion.
Actually, both secondary and tertiary air flows are swirled counter-clockwise (by means of guide
vanes characterized by stagger angles equal to 45◦ and 15◦, respectively), in order to further delay
the air fuel mixing generating a longer flame. More details on LNBs can be found on the review
work of Bireswar and Amitava [44], which focuses on the different design approaches in the burner
technology for reducing NOx emissions.

2.2. The CCA Test Facility

The CCA main test facility is actually a 48 MWth steam generator, able to be fed with several
different fuels (natural gas, eventually with controlled addition of H2, N2 and CO2 in various
proportions, light fuel oil (LFO), heavy fuel oil (HFO), Orimulsion R©, pulverized coal, biomasses).
The combustion chamber is refractory lined, in order to balance the heat extraction and generate the
flame thermal boundary conditions and the flame temperature in similarity with the real burner flame.
The combustion chamber has a horizontal development and is characterized by a hopper bottom with
a dry ash extraction system. Its main dimensions are: height = 5.3 m (excluding the hopper, which is
2.5 m high); width = 4.35 m; length = 12.5 m. Downstream of the combustion chamber, the flue gas
flows through a convective pass located at the end of the right-hand side of the boiler, where part of
the total steam produced is superheated.

2.3. The Measuring Equipment and Technologies

The test facility is equipped with auxiliaries and instrumentation for a wide range of experimental
applications. An airfoil flow meter has been used to measure the secondary and tertiary air flows.
This method has been previously validated, comparing the airfoil flow rate measurements against
the one contemporaneously performed by means of a Pitot tube, moved along a grid according
to the UNI10169 standard: "Emission measurement - Determination of velocity and flow rate in
conveyed gas flow by Pitot tube" of the Italian National Association for Standardization (UNI), and
obtaining a coefficient of determination, R-squared, equal to 0.9989. For primary air flow, an Annubar
averaging Pitot tube was used. In this case, during the Annubar characterization, a coefficient of
determination, R-squared, equal to 0.98640 was obtained. During cold flow tests, the differential
pressure transducers placed in the burner wind box and in the mill have been calibrated against U-tube
manometers. The control of the pulverized coal mass flow rate is carried out by setting the number
of revolutions per minute of the pulverized coal feeding system. The dependency of the mass flow
rate versus the number of revolutions per minute was previously characterized storing the pulverized
coal on a balance, with density verification. In order to perform the flue gas analysis, four different
units are actually used, namely: a Siemens Ultramat 6 (Siemens AG, Munich, Germany), which
operates according to the non-dispersive infrared (NDIR) two-beam alternating light principle, for
NO (0 –200 mg/m3) and CO (0–75 mg/m3); a Siemens Ultramat 23 (Siemens AG, Munich, Germany),
which operates according to the NDIR principle, for SO2 (0–400 mg/m3); a Siemens Oxymat 6 (Siemens
AG, Munich, Germany), which operates according to the paramagnetic alternating pressure principle,
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for O2 (0–21%vol); a Siemens Fidamat 6 (Siemens AG, Munich, Germany), which is based on flame
ionization detection (FID), for measuring total hydrocarbon concentrations. The exhaust gas is picked
up from a grid located upstream of the air heater and directly conveyed (via a heated probe) to the
analyzer. The grid is composed of four probes, made according to the standard, each one ending
with a silicon carbide filter. Two suction-type pyrometers (CCA, Gioia del Colle, Italy), one equipped
with a K-type thermocouple (Tersid, Milano, Italy) and the other with a B-type thermocouple (Tersid,
Milano, Italy), are positioned at the exit of the combustion chamber for evaluating the flue gas
temperature. For the in-flame measurements, a suction-type pyrometer, equipped with an S-type
thermocouple (Tersid, Milano, Italy), was used. The thermocouple has two head shields, the outer
one made of titanium alloy, whilst the inner one in alumina. After having positioned the pyrometer
at the point of measurement, the products of combustion in the neighborhood of the measuring
point are sucked by means of a steam ejector, for a time sufficient to achieve a stable value of the
temperature. The steam velocity inside the ejector has been set at that minimum value, which is able to
guarantee the independence of the measured temperature, but at the same time, to limit the sampling
volume in the neighborhood of the measuring point. After the temperature is acquired, the ejector is
turned off, and the gas sampling, for the in-flame species concentration measurements, is performed
directly by means of the pump embedded in the gas analyzer. Actually, for the in-flame chemical
composition measurements, two portable analyzers are used. The first one is a Siemens Ultramat 23,
which measures CO (0– 1250 ppm), NO (0–1000 ppm) and CO2 according to the NDIR principle, plus
O2 with an electrochemical oxygen measuring cell. The second one is an ABB EL3020 for measuring
CO (0–10%) and SO2 (0–2000 ppm) according to the NDIR principle with the Uras 26 photometer.
The data acquisition (over a time period hardly exceeding 5 min, depending on the measuring point
and the fuel used, which may cause more or less operating variations) starts only after a stable value of
O2 concentration is registered. The data acquisition system is developed in the LabVIEW programming
environment.

3. Numerical Model

The computational domain (Figure 3) includes the primary air duct (Figure 4), the burner nozzle
and the combustion chamber. The continuous phase is treated as a continuum by solving the steady,
incompressible, three-dimensional RANS equations with a pressure correction approach [45] and
a realizable k − ε model [46] for the turbulence closure. Indeed, the flow field is influenced by
the buoyancy; therefore, a non-zero gravity field has been considered in the momentum equation.
The realizable k − ε model takes into account the generation of turbulent kinetic energy, k, due to the
buoyancy, introducing a corresponding contribution in the production of k [47]. Sutherland’s viscosity
law has been considered in order to deal with the molecular viscosity dependency on temperature.
The pressure and viscous terms are discretized by means of a second order centered scheme, whereas
convective terms are discretized using the more stable second order upwind scheme. Considering the
geometric complexity of the burner (Figure 5), in order to obtain results as accurate as possible and to
limit the maximum number of cells, according to a previous work [43], a hybrid multi-block grid was
generated with an overall number of cells equal to 4,293,377. Computations have been performed on a
workstation with a multicore CPU (Intel R© CoreTM i7 960 quad core, max frequency 3.20 GHz, 12 GB of
RAM, (Intel Corporation, Folsom, CA, USA)); the total CPU-time was equal to 2.4 million of seconds
for each simulation.

In order to reduce the computational effort, secondary and tertiary air ducts are simulated
separately defining the swirl characteristic of the flow in terms of velocity angle with respect to the
axial velocity.
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Figure 3. Computational domain.

Figure 4. Primary air duct.

Figure 5. 3D view of the primary air duct.

3.1. Boundary Conditions

The combustion air is split into three different flows, namely primary, secondary and tertiary
air. At their inlets, the mass flow rates have been specified, and uniform spatial velocity distributions
have been imposed. Concerning the turbulence quantities, they have been specified in terms of
turbulence intensity and hydraulic diameter. The primary air stream is characterized by a mass flow
rate Ga 1 = 9.5 t/h, without any swirl, a temperature Tin 1 = 356 K, a turbulence intensity, I1 = 2%,
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and a hydraulic diameter, Dh 1 = 0.438 m. The inlet boundary condition related to the secondary air
flow is characterized by a mass flow rate Ga 2 = 17.5 t/h, with a velocity angle αv 2 = 45◦ with respect
to the axial direction, a temperature Tin 2 = 564 K, a turbulence intensity, I2 = 5%, and a hydraulic
diameter, Dh 2 = 0.2 m. The tertiary air flow is characterized by a mass flow rate Ga 3 = 18.5 t/h,
with a velocity angle αv 3 = 15◦ with respect to the axial direction, a temperature Tin 3 = 564 K,
a turbulence intensity, I3 = 5%, and a hydraulic diameter, Dh 3 = 0.2 m. The mass flow rate of pulverized
coal, Gb, equal to 4.43 t/h is actually carried by the primary air stream. At the domain outlet, a uniform
pressure distribution has been imposed. The combustion chamber walls are considered adiabatic.
The pulverized coal has been treated as a discrete phase and modeled by means of a two-way coupling
Lagrangian approach. The collisions of the coal particles with the combustion chamber walls have
been treated as inelastic. The particle distribution at the domain inlet and the coal characteristics are
based on the pulverized coal actually used in the experimental test. The used pulverized coal is a
bituminous, inertinite-rich, pulverized coal coming from Kleinkopje’s mine in South Africa. It was
milled and than classified by means of a rotating sieve at 200 rpm (99.90% with d < 300µm, 99.45%
with d < 150µm, 90.00% with d < 75µm). Therefore, a Rosin–Rammler distribution of spherical
particles is considered with the distribution parameters reported in Table 1, which accurately represent
the measured data (Figure 6).

Table 1. Rosin–Rammler distribution parameters.

Parameter Symbol Value Unit

Mean diameter Dmean 40 µm
Max diameter Dmax 300 µm
Min diameter Dmin 5 µm

Spread parameter n 1.31 -
Number of classes N 10 -

Figure 6. Kleinkopje’s coal particle distribution.

3.2. Radiation Heat Transfer

Radiation heat transfer has been accounted for by means of the P-1 model, based on the first
order spherical harmonic expansion of the radiation intensity [48,49], together with the cell-based
Weighted-Sum-of-Gray-Gases Model (WSGGM) for the radiative properties of the gases. Particle
emissivity and particle scattering are both taken equal to 0.9.
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3.3. Pulverized Coal Combustion

The pulverized coal combustion process has been subdivided into the following steps: (i) inert
heating; (ii) devolatilization and swelling; (iii) volatile matter combustion (homogeneous combustion
in the continuous phase); (iv) char burnout (heterogeneous combustion). The inert heating laws
are applied when the particle temperature is less than the assigned vaporization temperature, Tvap,
and when the volatile fraction, fv0, of the discrete phase vanishes. The devolatilization law is applied
when the temperature of the particle reaches the vaporization temperature, Tvap = 600 K, untill the
mass of the particle, mp, exceeds the mass of the non-volatiles in the particle. Furthermore, during
the devolatilization process, the particle swelling has been taken into account by means of a swelling
coefficient, Csw, equal to 1.5, considering that for Kleinkopje’s coal, this value can range between
zero and three [50].

3.3.1. Devolatilization Models

Due to the sensitivity of the burner performance on devolatilization, in the present work,
two devolatilization models have been considered: the single kinetic rate (SKR) model and the
chemical percolation devolatilization (CPD) model. Volatile turbulent combustion has been simulated
using the non-premixed modeling approach [51].

Single Kinetic Rate Model

The SKR model [52] assumes that the rate of devolatilization is linearly dependent on the amount
of volatiles remaining in the particle. Despite its simplicity, this model does not take into account the
heating rate of the coal particle. Furthermore, the kinetic parameters (i.e., the activation energy, Ea,
and the pre-exponential factor, A) are empirically determined. In the present work, the values of the
Arrhenius parameters for the SKR model are: Ea = 7.40 × 107 J/kmol; A = 2 × 105 s−1. These values
have been averaged from the corresponding values of two different weakly-swelling coals, namely B
and C from Badzioch and Hawksley [52].

Chemical Percolation Devolatilization Model

In order to characterize the devolatilization process under rapid heating conditions, unlike the
single kinetic rate model, the CPD model considers the thermo-chemical transformations of the coal
structure rather than using empirical relationships [53–55]. Most of the variables introduced in the CPD
model are coal independent [55], and only five are coal-specific parameters, which can be obtained by
means of solid-state 13C Nuclear Magnetic Resonance (NMR) spectroscopy [56]. The CPD parameters
of Kleinkopje’s coal have been taken equal to the ones of Highveld’s coal, similarly to what has been
done by Grant et al. [57]. This choice is based on the similarities between the two coals [58,59], being
both inertinite-rich (see Table 2 for maceral composition) and presenting very similar ultimate analyses.
Table 3 compares the ultimate analyses of both Kleinkopje’s coal, burned during the experimental tests
at CCA, and Highveld’s coal [56]. For completeness, their proximate analyses are reported in Table 4.
Actually, except the side chain molecular weight, MWδ, all of the CPD model parameters used in the
present work (summarized in Table 5) are taken from the work of van Niekerk et al. [56]. Concerning
the side chain molecular weight, MWδ (not available in the work of van Niekerk et al. [56]), being
dependent on the coal rank, its value has been averaged from a value set [55] of other bituminous coals.

Table 2. Maceral composition (volume % mmf basis).

Coal Origin Vitrinite % Inertinite % Liptinite %

Kleinkopje [59] 35.4 62.3 2.3
Highveld [60] 11.2 87.7 1.1
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Table 3. Ultimate analysis (weight % dmmf basis).

Coal Origin C H O N S

Kleinkopje (Lab analysis) 83.77 4.49 9.31 1.89 0.53
Highveld [60] 83.72 4.53 8.9 1.97 1.99

Table 4. Proximate analysis (weight % dry basis).

Coal Origin Ash Volatile Fixed Carbon

Kleinkopje (Lab analysis) 13.97 24.46 61.57
Highveld [60] 28.11 24.44 47.45

Table 5. Coal-specific parameters for the CPD model.

Parameter Symbol Value Unit

Initial fraction of bridges in the coal lattice [56] p0 0.83 -
Initial fraction of char bridges [56] C0 0 -
Lattice coordination number [56] σ+ 1 5.2 -

Cluster molecular weight [56] MW1 308 kg/kmol
Side chain molecular weight [55] MWδ 30 kg/kmol

3.3.2. Char Burnout Models

Char burnout models consider coal as composed of porous spherical grains. Every grain may
be described by a carbon matrix with the remaining chemical elements and the inert mineral phase
defined in the ultimate analysis, uniformly distributed. Char burnout is supposed to occur strictly
after devolatilization is completed. During the heterogeneous surface reaction, the solid combustible
fraction of the particle is oxidized into CO. In this work, both the kinetic/diffusion-limited surface
reaction rate model and the intrinsic model have been considered.

Kinetic/Diffusion-Limited Surface Reaction Rate Model

The kinetic/diffusion-limited surface reaction rate model is a pseudo-kinetic model based on the
theories of Baum and Street [61] and Field [62], in which a diffusion rate coefficient, D0, and a kinetic
rate coefficient, R, are weighted to yield a char combustion rate. The particle size is assumed to remain
constant in this model, while the density is allowed to decrease. The values used in the present work
are reported in Table 6.

Table 6. Kinetic/diffusion-limited surface reaction rate model parameters.

Parameter Symbol Value Unit

Mass Diffusion-Limited Rate Constant C1 5 × 10−12 -
Kinetic-Limited Rate Pre-Exponential Factor C2 6.7 -

Kinetic-Limited Rate Activation Energy Ea 1.1382 × 108 J/kmol

Intrinsic Model

The intrinsic model [47] computes the heterogeneous reaction rate considering both kinetics and
diffusion phenomena. Actually, the kinetic rate is explicitly expressed in terms of the intrinsic chemical
and pore diffusion rates. To allow a more adequate description of the char particle size and density
variations during combustion, the burning mode has been specified relating the char particle diameter
to the fractional degree of burnout [47]. The default kinetic rate parameters have been considered.
Char porosity has been computed considering both true and apparent densities [63,64]. Knowing
that Kleinkopje’s coal is dominated by macropores (rp > 150 Å) [65], the default rp value has been
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considered plausible. Finally, an estimated mean value for the specific internal surface area, Ag,
in bituminous coal was considered [66]. The main model parameters are summarized in Tables 7 and 8.

Table 7. Parameters for the char burnout intrinsic model.

Parameter Symbol Value Unit

Mass Diffusion-Limited Rate Constant C1 5 × 10−12 -
Kinetic-Limited Rate Pre-Exp. Factor Ai 0.0302 -
Kinetic-Limited Rate Activ. Energy Ei 1.794 × 108 J/kmol

Char porosity θ 0.67 -
Mean pore radius rp 6 × 10−8 m

Specific internal surface area Ag 300,000 m2/kg
Tortuosity τ 1.4142 -

Burning mode α 0.2500 -

Table 8. Other parameters for the char burnout intrinsic model.

Parameter Symbol Value Unit

Coal density ρ 1300 kg/m3

Coal specific heat cp 1380 J/(kgK)
Low heating value LHV 3.29 × 107 J/kg

3.4. NOx Emission Models

In order to predict NOx emissions, a transport equation for nitric oxide (NO) concentration
has been solved. The NOx formation has been evaluated according to the thermal and fuel-NO
mechanisms; hence, two additional transport equations for intermediate species (HCN and NH3)
have been considered. The NOx transport equations are solved in post-processing based on a frozen
flow field and combustion solution. The LNB under investigation, by implementing an aerodynamic
internal air staging rather than a fuel staging, does not show any significant NOx re-burning. In fact,
for this burner, the flow residence time is not long enough (actually, significantly lower than 0.4 s) in
the fuel-rich stoichiometry region, where NOx re-burning can occur. For this reason, no re-burning has
been taken into account in the NOx modeling.

3.4.1. Thermal NOx Model

The formation of thermal NOx is determined according to the extended Zeldovich mechanism, and
the rate constants have been selected based on the evaluation of Hanson and Salimian [67]. The needed
concentrations of O, H and OH have been taken directly from the local species mass fractions.

3.4.2. Fuel NOx Model

Organic compounds present in coal and containing nitrogen can significantly contribute to the
total NOx formed during the combustion process. Fuel nitrogen is split between volatiles and char
during coal devolatilization and in the nitrogen conversion can originate hydrogen cyanide (HCN)
and/or ammonia (NH3). Local NH3 and HCN concentrations derive from the solution of the respective
transport equations solved in post-processing according to the kinetics developed by De Soete [68].
With bituminous coal, better NOx predictions are obtained when using an HCN/NH3 partition ratio of
9:1. The nitrogen contained in the char is then heterogeneously oxidized to NO via an overall reaction.

4. Results

In this paper, fully-three-dimensional coal combustion simulations have been performed varying
both the devolatilization and the char burnout models. In the literature, several models exist;
therefore, the objective of this work is to assess against the experiments the best combination of
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them. Two different devolatilization models, the CPD model and the Single Kinetic Rate (SKR) model,
and two different char burnout models, the Intrinsic (Int) model and the Kinetic/Diffusion surface
reaction rate (KD) model, have been considered. An overview of the models adopted with respect the
simulation case is reported in Table 9.

Table 9. Details of the models included in the present test cases. Int: Intrinsic; KD: Kinetic/Diffusion;
SKR: Single Kinetic Rate.

Simulation Devolatilization Char Burnout

1 CPD Int
2 CPD KD
3 SKR Int
4 SKR KD

Results are given in terms of devolatilization and char burnout rates, temperature, CO and NO
emissions, contoured on a vertical meridian plane (Plane DD) and on three different orthogonal
planes (Plane AA, Plane BB, Plane CC) distant respectively 800 mm, 1181 mm, 2095 mm, from the
combustion chamber wall close to the burner nozzle. In order to compare the numerical results with
the experimental data, contour plots of temperature and species molar concentrations (in particular
O2, CO2, CO and NO) are considered along three different horizontal traverses intercepting the burner
axis, A, B and C, placed 800 mm, 1181 mm and 2095 mm away from the combustion chamber wall
close to the burner nozzle, respectively. Finally, the NO rates of formation have been evaluated, along
the same three traverses.

4.1. Simulation 1: CPD-Int Models

Here, the CPD model and the Intrinsic char burnout (Int) model are considered. From
devolatilization contours (Figure 7a), an asymmetry in the flame structure can be highlighted. This is
due to the pulverized coal distribution, which is not perfectly uniform at the burner nozzle, but slightly
less concentrated on the right (facing the burner). This result confirms that the particle distribution
has an important role in the description of the flame behavior. Thus, the simulation of the primary
flow, where the particles are seeded and then convected, is crucial for the correct analysis of the burner
performance. In fact, the pulverized coal is deflected in the primary air duct elbow (Figure 1), leading
to an increased concentration of particles in the upper part of the primary duct rather than in the
lower one. The following diffuser and swirling foils are not able to redistribute uniformly the coal
particles in the azimuthal direction. The pulverized coal is just swirled counter-clockwise (facing the
burner), and the zone with a reduced concentration is rotated on the right. These consideration on
the particle distribution at the burner inlet are valid for all of the simulations performed in this study,
being not influenced by the combustion models implemented. At Traverse C, the devolatilization
process is almost complete. The contours of char burnout (Figure 7b) show that this process goes
further downstream and is particularly intense where the pulverized coal meets secondary and tertiary
air flows. Buoyancy brings up light char and warmer gases, where further burnout can occur. Looking
at the Transversal Sections AA, BB and CC of Figure 7b, there is a local burnout peak shifted clockwise
(facing the burner) with respect to the meridian plane (DD). This behavior is related to the clockwise
rotation of the flow in the outermost part of the combustion chamber. Moreover, due to the buoyancy
effect, the char burnout rate peak is in the upper part of the combustion chamber. It is worth noting
that the highest char burnout rates occur in the first 4 m of the combustion chamber. The temperature
field (Figure 7c) shows that the highest temperature occurs in the region where the secondary and
tertiary air flows and the char are mixed together. The presence of an outermost clockwise motion
(facing the burner) of the flue gases causes an asymmetric temperature field in the orthogonal planes
(AA, BB, CC). The flame core has the highest values of CO concentration where partially-burned
volatile matter recirculates toward the burner nozzle (Figure 7d), and the oxygen of secondary and
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tertiary air flows is not yet involved in the combustion process. The maximum NO concentration
reaches a value of 1000 ppm. It occurs where both char burnout and temperatures are the highest
(Figure 7e). Downstream, dilution with secondary and tertiary air reduces the NO concentration.

Figure 7. Results obtained by means of the CPD-Int model. (a) Devolatilization rate; (b) char burnout
rate; (c) static temperature; (d) mole fraction of CO; and (e) mole fraction of NO.

4.2. Simulation 2: CPD-KD Models

In this second test, the char burnout model is changed from the Intrinsic (Int) to the more empirical
Kinetic/Diffusion-limited surface reaction rate (KD) model retaining the CPD devolatilization model
used in the previous case. The results show that there is almost no variation on the extension of the
region involved in the devolatilization process (Figure 8a), even though peaks are less intense and
an increase of devolatilization in the first part of the flame core can be noticed. The char burnout
rate highlights the main differences with respect to Simulation 1 (Figure 8b); burnout reaches lower
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rates, but is more diffused within the combustion chamber, extending to the high temperature zone at
least 1 m downstream (Figure 8c). Due to a partial devolatilization in the first part of the flame core,
in this reducing zone, there is a significant formation of carbon monoxide (Figure 8d). Since the highest
temperatures are predicted in low oxygen regions, globally, the NO mole fractions are lower than the
ones predicted when the intrinsic model is used (Figure 8e).

Figure 8. Results obtained by means of the CPD-KD model. (a) Devolatilization rate; (b) char burnout
rate; (c) static temperature; (d) mole fraction of CO; and (e) mole fraction of NO.

4.3. Simulation 3: SKR-Int Models

Here, the empirical Single Kinetic Rate (SKR) model and the Intrinsic model (Int) are used as
the devolatilization and char burnout model, respectively. The SKR model assumes that the rate of
devolatilization is linearly dependent on the amount of volatiles remaining in the particle. Even though
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the spatial distribution of the devolatilization field has not changed, nonetheless, with the SKR model,
the devolatilization rates are higher with respect to those predicted in Simulations 1 and 2 (Figure 9a).
Therefore, the char burnout process (Figure 9b) is accelerated. Higher temperatures are reached
(Figure 9c), but at the same time, inside the combustion chamber, the temperature gradients are
smoothed. This faster devolatilization process reduces the quantity of volatiles in the flame core; hence,
a lower CO concentration is predicted to occur in this zone (Figure 9d). Furthermore, since there is a
higher quantity of volatile matter in regions at high temperature and a higher oxygen content (coming
from secondary and tertiary air flow streams), the NO formation is promoted (Figure 9e) in these zones.

Figure 9. Results obtained by means of the SKR-Int model. (a) Devolatilization rate; (b) char burnout
rate; (c) static temperature; (d) mole fraction of CO; and (e) mole fraction of NO.
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4.4. Simulation 4: SKR-KD Models

In this simulation, the Single Kinetic Rate (SKR) devolatilization model and the
Kinetic/Diffusion-limited surface reaction rate (KD) char burnout model have been considered.
The characteristics of SKR and KD model depicted in Simulations 2 and 3 act together.
Both devolatilization (Figure 10a) and char burnout (Figure 10b) are intensified, and higher
temperatures are reached inside the combustion chamber (Figure 10c). Due to the KD char burnout
model, here again, there is a heterogeneous combustion in the first part of the flame core, giving
origin to a high concentration of carbon monoxide in the flame core (Figure 10d). Finally, there is an
increment of NO formation (Figure 10e) due to the faster devolatilization computed by the SKR model,
even though it is less than the SKR-Int case, due to the effect of the KD model.

Figure 10. Results obtained by means of the SKR-KD model. (a) Devolatilization rate; (b) char burnout
rate; (c) static temperature; (d) mole fraction of CO; and (e) mole fraction of NO.
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4.5. Rate of Formation of NOx

Considering the rate of formation of NO along three different traverses, it is possible to ascertain
that the main contribution to the NO emission is due to the fuel-NOx mechanism (Figure 11).
Moving downstream (at Traverses B and C), all of the simulations show similar performance in
terms of NO rate prediction. In the near field, close to the burner nozzle (at Traverse A), there are
the most significant differences. The NO re-burning, where negative rates of NO appear, is enhanced
considering the kinetic/diffusion-limited surface reaction rate char burnout model, which implies the
evaluation of a lower value of NO emissions at the exit (Table 10).

(a) (b)

(c) (d)

Figure 11. NO rate distribution evaluated at Traverses A, B and C according to the different CFD models.
(a) CPD-Int; (b) CPD-KD; (c) SKR-KD; and (d) SKR-Int.

Table 10. Area weighted averaged value at the exit.

Parameter Unit CPD-Int CPD-KD SKR-Int SKR-KD

Temperature K 1641 1674 1698 1715
O2 mole fraction - 0.02973 0.02341 0.02828 0.02361

CO2 mole fraction - 0.1548 0.1600 0.1560 0.1599
H2O mole fraction - 0.04944 0.05116 0.04981 0.05108
NO concentration ppm 180.9 150.2 234.7 267.2

4.6. Assessment of the Models

In order to evaluate which combination of devolatilization and char burnout models is more
appropriate for the simulation of the pulverized coal burner under investigation, the numerical results



Energies 2017, 10, 66 17 of 24

have been compared with the experimental data acquired on three different traverses (A, B and C)
close to the burner nozzle. The traverses, where the probes are located, are horizontal and normal to
the nozzle axis (Figure 12).

Figure 12. Schematic of the position of Traverses A, B and C within the burner geometry along with
the probes placed.

4.6.1. Temperature and O2

When considering both temperature and oxygen distributions along the three traverses, all of the
models give numerical results that are in fairly good agreement with experimental data (Figures 13
and 14).

(a) (b) (c)

Figure 13. Temperature distribution along Traverses A (a), B (b) and C (c).

The main differences between the different cases have been found in the near field (at Traverse
A). In particular, the CPD-Int model gives a better estimation of the flame core width according to the
experimental data, as can be seen in Figure 14. Thus, the increase of the oxygen concentration on the
left side, with respect to the burner axis, is well reproduced for both Traverses B and C.
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(a) (b) (c)

Figure 14. O2 molar concentrations distribution along Traverses A (a), B (b) and C (c).

4.6.2. CO and CO2

In Figure 15, the CO2 molar concentration highlights the near field differences between the
numerical and experimental data. The results show an underestimation of the CO2 concentration for
0 < x < 0.5 m of the numerical models with respect to the measurements.

(a) (b) (c)

Figure 15. CO2 molar concentrations distribution along Traverses A (a), B (b) and C (c).

The CPD-Int and SKR-Int models have a better behavior in the core region near the burner
nozzle (Traverses A and B). In the far field (Traverse C), less differences between the different
models can be evidenced. On the other hand, the CO distribution, reported in Figure 16, shows
an overestimation of the concentration with respect to the experimental data, notwithstanding the
applied devolatilization model.

As reported in Figure 16, only a few points correctly acquire the CO concentration. According to
the high CO concentration in the flame core, the sensor used in the experiments has been saturated.
The CO2 and CO concentrations reproduced by the models show an underestimation and an
overestimation, respectively, compared to the measurements. However, the spatial distribution of
the sum of CO2 and CO concentrations compensate each other, as reported in Figure 17. The near
field (Traverses A and B) shows the higher differences between numerical and experimental data with
respect to the far field (Traverse C). Even in this case, the effect of CO measurement saturation in
the core region affects the experimental measurements. Better results have been obtained when the
intrinsic char burnout model has been considered.
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(a) (b) (c)

Figure 16. CO molar concentrations distribution along Traverses A (a), B (b) and C (c).

(a) (b) (c)

Figure 17. CO + CO2 molar concentrations distribution along Traverses A (a), B (b) and C (c).

4.6.3. NO

Then, the quantification of NO emissions is satisfactory, particularly along the two furthest
traverses (B and C) from the burner nozzle. As a matter of fact, along these two traverses, there is
a quite good agreement not only qualitatively, but also quantitatively (Figure 18). In the near field
(Traverse A), the numerical models show two symmetrical peaks of NO concentration with respect to
the nozzle axis, which overestimate the measured experimental data, whereas near the nozzle axis
(−0.5 m < x < 0.5 m), the numerical models underestimate the NO concentration. However, since
Traverse A is very close to the nozzle, a higher difference between the numerical simulation and the
experiment is expected due to the higher velocity gradient at the inlet. Indeed, in the injection region,
the shear layer induces flow instabilities and a high turbulent flow. The turbulence affects heavily the
diffusivity of the species as reported in the experiments compared to the numerical results. Therefore,
a more detailed discretization of the near field seems to be needed, but due to numerical resource
constraints, the present simulations represent a compromise. Even for NO, the CPD-Int model has the
best agreement with the experiments.
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(a) (b) (c)

Figure 18. NO molar concentrations distribution along Traverses A (a), B (b) and C (c).

5. Conclusions

In this study, numerical simulations of a pulverized coal burner have been performed in order to
assess the influence of the devolatilization and char burnout models on the performance of a pulverized
low-NOx coal burner. The numerical domain reproduces the geometry of a full-scale, swirl stabilized,
aerodynamically staged, burner tested under stand alone configuration at the CCA of Ansaldo Caldaie
S.p.A. in Gioia del Colle (Italy). The whole primary air duct has been simulated in order to describe the
particles’ distribution at the inlet avoiding any assumptions. A Lagrangian-Eulerian approach has been
used to trace the particle trajectories within the continuous flow, whereas the combustion process has
been split using a multi-step approach that includes: inert heating of the coal particles; devolatilization
of the coal; volatile matter combustion in the continuous phase; char burnout. The devolatilization and
the char burnout phases have been implemented in the numerical procedure according to different
models. Thus, either the SKR or the CPD model has been considered for devolatilization, whereas
either the kinetic/diffusion-limited surface reaction rate or the intrinsic char burnout model has been
applied for the char burnout. The flow field has been analyzed in terms of devolatilization and char
burnout rates, temperature, CO and NO emissions. All of the combinations of devolatilization and
char burnout models produce reliable results in terms of temperature and O2 concentration, whereas
the CO, CO2 and NO concentrations show sensible differences. The combination of the CPD and the
intrinsic char burnout models has a better agreement with the experimental results, especially near the
nozzle, whereas far from the nozzle, the differences between those models are smaller. The numerical
simulation has been able to predict both qualitatively and quantitatively the NOx formation measured
in the experimental test. The results highlight that, in the region closest to the inlet, all of the models
show a defect of diffusivity that should be ascribed to the higher turbulence level reached in the
experiments. However, the numerical and experimental results are in good agreement, looking at the
measurements located immediately downstream. There, the turbulence diffusivity of the numerical
model is able to diffuse the species according to the physical behavior measured in the experimental
facility. Finally, we can infer that the numerical approach used in this work is able to predict the correct
behavior of a pulverized coal burner as confirmed by the comparison with the experimental data.
Moreover, the CPD together with the intrinsic char burnout model is able to describe in a better way
the temperature field and the species’ concentrations in the region close to the nozzle with a better
description of the flame core. Since the model parameters have been evaluated a priori, the numerical
approach proposed here is expected to be more general and valid for other pulverized coal burner
geometries; however, further investigations are planned to confirm this remark.
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Abbreviations
Ga1 Primary mass flow rate
Tin1 Primary inlet temperature
I1 Primary turbulence intensity
Dh1 Primary hydraulic diameter
Ga2 Secondary mass flow rate
αv2 Secondary velocity angle
Tin2 Secondary inlet temperature
I2 Secondary turbulence intensity
Dh2 Secondary hydraulic diameter
Ga3 Tertiary mass flow rate
αv3 Tertiary velocity angle
Tin3 Tertiary inlet temperature
I3 Tertiary turbulence intensity
Dh3 Tertiary hydraulic diameter
Gb Coal mass flow rate
Tvap Vaporization temperature
fv0 Volatile fraction
mp Particle mass
Csw Swelling coefficient
Ea Arrhenius activation energy
A Arrhenius pre-exponential factor
D0 Diffusion rate coefficient
R Kinetic rate coefficient
C1 Mass diffusion-limited rate constant
Ai Kinetic-limited rate pre-Exp. factor
Ei Kinetic-limited rate Activ. energy
θ Char porosity
rp Mean pore radius
Ag Specific internal surface area
τ Tortuosity
α Burning mode
ρ Coal density
cp Coal specific heat
mm f mineral matter free
dmm f dry mineral matter free
LHV Low heating value
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