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Abstract 
Oxy-combustion of pulverized coal has risen some interest from industries in the 
energy production field, as a promising technique to meet future emission 
requirements. Such an interest has pushed the research community in the 
development of reliable computational tools, capable to study this kind of burners. 
This effort has been spent at ENEA in the development of the HeaRT code. The 
latter initially developed to be a Large Eddy Simulation (LES) solver for gaseous 
reacting mixtures, in the past years has been provided with modules for the 
simulation of the radiation field, dispersed phases, heterogeneous reactions and 
coal thermal degradation. The code solves the multiphase field allowing for two-
way coupling in an Eulerian-Eulerian frame of reference. 
Within the programmed validation program of the HeaRT code it has been decided 
to simulate a devolatilization experiment performed at the IPFR facility owned by 
the International Flame Research Foundation (IFRF). In the present work, after 
briefly recalling the HeaRT code features and describing the experimental facility, 
the results from the numerical simulation are presented that show how the code 
proved capable of reproducing the coal conversion experimental data. 
 
Introduction 
Oxy-combustion of pulverized coal has raised some interest from industrial player 
in the energy production field, as a promising technique to meet future emission 
requirements. The present work is part of a larger activity aimed at developing and 
validating a Large Eddy Simulation (LES) solver applicable to the study of this 
kind of burners, even in MILD conditions. 
In the present work, after briefly recalling the models implemented in the HeaRT 
code, the Isothermal Plug Flow Reactor (IPFR) facility is described. Finally the 
results of the validation of the HeaRT code against the data from a devolatilization 
test performed on this facility are presented.  
 
Mathematical and numerical model 
The version of the HeaRT code used in the present work solves both the continuous 
and the dispersed phase in an Eulerian frame. The model thus belongs to the 
Eulerian-Eulerian class of solvers for multiphase flows. The adopted mathematical 
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model for the continuous and the dispersed phase as well as the equations adopted 
to treat the advected condensed scalars have been described in previous 
publications [1, 2]. In the present work the only, but crucial, improvement on the 
model implementation in the HeaRT code has been the coupling of the M1-model 
for the prediction of the radiation field and the dispersed phase. It was in fact noted 
during the simulations of the IPFR devolatilization experiment that neglecting the 
radiation influence on the rise of the coal particle temperature would have induced 
a large spatial delay in the volatile matter release. The coupling of the radiative and 
dispersed phase fields was thus necessary in order to compare computed and 
experimental data, which are only collected at certain sections at given distances in 
the axial direction from the inlet. 
As far as the continuous phase is considered, the equations solved are the 
conservation of mass, momentum, energy, species mass fraction and conservation 
of mass for the advected scalars. The advected scalars are here used to take into 
account the evolution of condensed chemical species released from the coal (TAR). 
They are assumed in mechanical and thermal equilibrium with the gas phase, 
which means that they share the same velocity and temperature of the continuous 
phase. This assumption is justified by the small dimension of the TAR droplet 
released from the coal. Gas phase kinetics has been neglected. The chemical 
species released from the coal may thus react with the coal particle through 
heterogeneous reactions modeled after [3] or may simply be advected by the flow. 
When the dispersed phase is considered, equations for the particle number density, 
mass and momentum conservation and particle enthalpy are solved. Additional 
equations for the evolution of the functional groups representative of the chemical 
composition of the coal have been introduced. The coal thermal decomposition has 
been modeled after [4]. All of this equations are written in conservative form. 
The radiation field is associated to the multiphase mixture. The equations 
considered are solved for the radiative flux and the radiative energy. The adopted 
model has been taken from [5]. The coupling strategy has been developed taking 
advantage from what has been reported in [6]. Due to the very low characteristic 
time of the radiation field evolution compared to the acoustic time, quasi steady 
state has been assumed for the radiation field and time dependence has been 
neglected. The steady state solution is searched for every time step iteratively. 
The cited analytical models have been implemented in the HeaRT code owned by 
ENEA. The gas phase solver is based on a finite difference central 2nd order 
staggered scheme. The dispersed phase solver is based on a finite volume 2nd order 
upwind scheme with ENO reconstruction at the cell interface. Further details on the 
HeaRT code and on the implemented models can be found in [1, 2]. 
 
The IPFR facility 
In the present section the results obtained by simulating a devolatilization 
experiment performed on the IPFR facility at IFRF in Livorno (Italy) are described. 
With  reference  to  Figure 1  the  combustion  chamber  is  composed by a modular  
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Figure 1. Scheme and characteristics of the IPFR facility (Taken from ref. [7]). 
 
drop tube with inner diameter D1 = 0.15 m and total length L1 = 4.5 m. The tube is 
equipped with probe accesses at several sections for both coal feeding and 
sampling. A natural gas fired combustor is present at the top of the facility and the 
exhaust gases coming from this burner are used to set up the desired experimental 
conditions inside the drop tube. The possibility to dilute such exhaust gases with 
Nitrogen is also foreseen in order to have greater flexibility. At the bottom of the 
combustion chamber a quenching system and a system for coal residuals and ashes 
collection arepresent. The residence time can be varied by changing the access for 
the coal feeding probe. Further information about the facility or the experimental 
procedure can be found in [7]. 
 
Numerical setup 
In the configuration adopted for the simulated test the coal injection is located at 
the tube axis through a hole with diameter Dinj = 0.0085 m. The proximate and 
ultimate analysis for the tested coal are reported in Table 1. 
 

 
Table 1. Proximate and ultimate analysis for the tested coal 

 
The simulated domain extends to Zmax = 3.05 m. A detail of the adopted grid for the 
first 0.2 m in axial direction is reported in Figure 2. The cells with the smallest 
dimensions are at the top center of the domain, where the coal injection takes place. 
The smallest cell size in the axial direction is Δzmin = 0.001 m while in radial 
direction is Δrmin= 0.000425 m.  The  radial  discretization is  independent from  the 



 
XXXV Meeting of the Italian Section of the Combustion Institute 

4 
 

Figure 2. Adopted grid for the first part of the domain (0.2 m in axial direction). 
 
axial position while the grid is stretched in the axial direction and the maximum 
cell dimension reaches Δzmax= 0.019 m at the outlet section. The tangential 
direction has been discretized using 16 planes with constant distribution, while 48 
cells have been used in the radial direction and 500 in the axial direction. The grid 
is therefore composed by 384000 cells. 
The imposed boundary conditions for the gas phase are  adiabatic  viscous walls at 
r = Rmax = 0.075 m while at the outlet section (z = Zmax) a characteristic equations 
treatment [8] is imposed, with asintotic pressure equal to 1 atm. For the dispersed 
phase an upwind outlet is imposed at both walls and at the outlet section. The inlet 
section at z = Zmin is divided into 3 regions: the coal injection, the injector wall and 
the exhaust gas inlet. The coal injection is positioned for 0 m < r < 0.00425 m. 
Here  coal  and N2  as carrier  gas enter  the  domain  with   mass  flow  rates 
Wcoal= 3.05556•10-5 kg/s and Winj N2 = 5.80093•10-4 kg/s and imposed 
temperatures Tcoal = 298.15 K and T N2

inj= 293 K. In order to simulate the expansion 
cone at the injection, a radial mean component has been added to the carrier gas 
velocity which presents a linear dependence from the radial coordinate. This 
component is zero at the axis and equal to the axial component for r = 00425 m. 
The dispersed phase is here injected with volumetric fraction  
αinj = 4.316•10-4 and axial velocity up,z = 1 m/s. The experiment has been run with 
particle diameter dp at the injection in the range [38 : 90] μm. The adopted model 
has been chosen to be monodispersed for computational time constraints, although 
the HeaRT code is able to deal with different classes of particles with different 
initial dimensions. The particle number density at the inlet np

inj has been imposed in 
order to have a particle dimension of dp

inj = 70 μm. The radial velocity has been 
imposed following the law up,r = 12.83 s-1 • r. The exhaust gases enter the inlet with 
the following composition in terms of mass fraction: YCO2= 0.104292, 
YH2O=0.0853841, YO2 = 0.00824372 and YN2 = 0.80208018. The temperature is 
given by the nominal set point Teg

ann = 1373 K while the total mass flow rate is 
Weg

ann = 1.26103•10-2 kg/s.  The  dispersed   phase  enters  from   this  section  with 



 
XXXV Meeting of the Italian Section of the Combustion Institute 

5 
 

Figure 3. Gas phase temperature (left) 
and momentum module (right) 

instantaneous distribution. 

Figure 4. CO mass fraction (left) and 
dispersed phase volume fraction 
(right) instantaneous distribution. 

 

Figure 5. Comparison between experimental and numerical data on coal conversion. 

volumetric fraction αeg
ann = 10-12 which is just a numerical approximation to zero. 

The injector wall ranges from r = 0.00425 m to r = 0.0063561 m. In this interval 
the temperature and chemical species values are linearly interpolated between the 
values imposed at the coal injection and at the exhaust gas inlet in order to enhance 
the stability of the radiation field solver. Null pressure gradient is imposed on the 
entire inlet and null gradient is also imposed on all the radiative variables on the 
entire domain boundary. 
The initial conditions are set equal to the variable values at the exhaust gas inlet 
with the exception of the velocity of both phases which is set to zero. 
 
Results 
In Figure 3 an instantaneous field of the gas temperature T and of the momentum 
module ρu are presented for the first 0.4 m of the domain in axial direction. It can 
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be seen how the cold jet enters the chamber till z = 0.3 m and even further. This 
feature of the flow has a strong influence on the coal conversion since the gas 
temperature influences the particle heating up. The jet momentum reaches the 
equilibrium with the outer flow approximately at the same distance from the inlet. 
In Figure 4 instantaneous distributions of the CO mass fraction and of the dispersed 
phase volume fraction are reported. It can be seen how the released CO 
concentrates around the zones with the higher particle concentration.  
Finally in Figure 5 the numerical and experimental data on coal conversion are 
compared, at least for two sampling points. It can be seen how the numerical data 
are well within the uncertainty range of the measures. 

Conclusion 
In the present work the validation of the HeaRT code against a IPFR 
devolatilization experiment is presented. The implementation of the POLIMI 
devolatilization model [4] in the HeaRT code has proved its capability in well 
reproducing the coal conversion experimental data. It should also be noted that in 
order for the validation to be successful, the coupling of a radiation field solver 
with the dispersed phase model was necessary. 
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