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ABSTRACT 
 In order to understand the mineral transformation and 
deposit formation, a small size coal combustion test facility 
fired with pulverized Hambach coal was investigated 
experimentally and by computational fluid dynamics 
(CFD). Emphasis was placed on chemical characterization 
of coal, mineral matter (MM) and deposits. The 
transformation of individual minerals was modeled based 
on kinetic data. 

 1 INTRODUCTION 
The prediction of fouling and slagging by means of 

empirical indices is still a common practice among power 
plants operators. At their best they deliver satisfactory 
results, but suffer from the lack of information on ash-
particle dynamics and facility operational and geometrical 
features. A recent study aiming at improving the slagging 
index by considering the volumetric load failed to establish 
a correlation between the aforementioned parameters 
(Bonn, 2010). 

Commonly, ash depositions tools are appended as post-
processors to CFD-simulation programs. They address 
comprehensively the ash-coal particle dynamics, MM 
redistribution, ash formation mechanisms, ash transport and 
deposit growth (Hecken et al., 2001), (Richards et al., 
1993), (Yan et al., 2002), (Lee and Lockwood, 1998), 
(Erickson et al., 1995), (Wilemski and Srinivasachar, 1993), 
but ignore the MM transformation along the particle 
trajectory and deposit chemistry. The reason for this 
simplification is that kinetic data for MM transformations in 
coal-fired boilers are rarely available in literature. 

 2 MATHEMATICAL MODELING 
The FLOREAN package has been used to simulate the 

pulverized coal combustion (Müller, 1992), (Leithner et al., 
2003a,b). A Lagrangian based post processor is used for the 
particle tracking (Fischer, 1998), (Bozic, 2003), (Magda et 
al., 2009). Each particle is considered as a miniature 

chemical reactor. For each time-step along with specific 
coal combustion processes, e.g., drying, devolatilization, 
volatiles and char combustion, an additional MM 
transformation module is accessed. 
 The basis of Lagrangian approach to two-phase flows is 
the simulation of the particle trajectory by tracking 
representative parcels of particles. The particles are 
initialized and released from a finite number of starting 
locations and tracked throughout the computational domain. 
Accounting the forces acting on the particle it is possible to 
predict the particle position and behavior at each instant. By 
considering energy sink and source terms for conduction, 
convection, radiation and chemical activity the particle 
thermal state is described. The one-way coupling method is 
applied (Bozic, 2003). 
 
 2.1 Particle motion 

The particle motion is expressed as a function of drag 
and gravitational forces, neglecting forces like the added 
mass force or thermophoresis. Constant particle mass is 
assumed during each time step (Fischer, 1998), (Wörner, 
2003): 

     g+VuuuuCAρ=
dτ

ud
m gpppgpgDpcsg
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The particle velocity is calculated as (Lockwood et al., 
1995): 
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The particle is assumed to be spherical so that the 
experimental results for the drag coefficient of a solid 
sphere can be applied (Schiller and Nauman, 1935), 
(Schubert, 1977). 
The particle trajectory is obtained by integrating the 
equation: 

p,i
p,i =u

dτ

dx           (5) 

The new particle position is calculated as: 
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 2.2 Coal particle combustion 
 Changes in coal particle composition are due to 
moisture vaporization, pyrolysis, char combustion and MM 
transformation. 

Moisture release starts once the coal particle enters the 
furnace. The water content is readily vaporized by means of 
heat by radiation, convection and conduction. 

A simple model for moisture release was proposed by 
McIntosh (1976): 

OH
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With further temperature increase devolatilization takes 
place, releasing volatiles and leaving over char. The mass 
balance for a single coal grain is: 
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The stoichiometric coefficient ν is calculated based on 
the proximate volatile matter content.  

The rate of coal devolatilization is described by: 

coal,dafpyr
coal,daf mK=
dτ

dm
        (11) 

The devolatilization rate constant is based on 
experimental findings and is expressed in form of Arrhenius 
equation: 
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Volatiles mix with the available oxygen and burn in the 
gaseous environment, serving as primary fuel for 
combustion. The char mass balance is composed of a source 
term accounting for the char produced during the pyrolysis 
and a sink term for the char combustion: 
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Char combustion is assumed to take place only at the 
particle-gas surface (external or porous structure) and 
considers diffusion and chemical reaction effects (Field and 
others, 1967). 
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The mechanism factor fm in the above equation states 
that the burning char will produce only CO and CO2 and 
accounts for the particle size influence. For large particles 
when only CO2 is produced fm = 1, while in case of fine 
particles when only CO is produced fm = 2. 

The char burnt within the particle is (Field and others, 
1967): 
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 2.3 Particle heat balance 

The energy balance for the coal particle is expressed as 
(Bozic, 2003): 
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Using the Runge-Kutta-Fehlberg method the new 
temperature of the particle is calculated: 
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 2.4 Mineral matter transformation 

The lack of adequate kinetic data most often limits the 
MM chemistry to equilibrium considerations, although 
criteria for equilibrium are not always fulfilled (Kingery et 
al., 1976). 

In equilibrium analyses each particle is assumed to be a 
well-mixed chemical reactor and the fluid dynamics 
limitations (residence time, kinetic or diffusion, 
agglomeration and sintering are unable to retard the reaction 
rate (Zevenhoven and Backman, 2000)) are not taken into 
account. The system reflects a hypothetical state in which 
either the reactions themselves are very fast or the available 
time for their occurrence is large enough. The main 
advantage of the equilibrium approach consists in the 
possibility to calculate equilibrium and thermodynamic 
properties for a wide variety of multicomponent, multiphase 
systems and reactions. 

The kinetic approach is mostly thought of as the 
appropriate approach. It has the disadvantage of being 
limited to very scarce kinetic data. The residence time, 
kinetic and diffusion effects, agglomeration and sintering, 
all very important for energy conversion systems can be 
accounted for through the reaction rate. 

Ash deposition models in literature address either the 
coal-ash particle dynamics (Lee and Lockwood, 1998) or 
the MM chemistry (Wei et al., 2002), but a sound model 
needs to be constructed based on both mechanisms (Bozic, 
2003). 

 
 2.4.1 Mineral database 

The complexity and variability of the coal mineralogy 
point towards the use of a chemical mechanism that 
accounts for as many as possible chemical compounds and 
interactions. Reliable and accurate thermochemical data are 
therefore needed. 

For this purpose a coal and biomass database BICOD 
as text (csv) and as HTML was developed. The database 
contains 110 biomass and coal chemical analyses and 200 
individual mineral species descriptions. 

Each mineral description is subdivided into several 
subset databases. One subset refers to the polynomial 
format to calculate the mineral thermodynamic properties, 
e.g., H, S, cp, (McBride et al., 1993). The reaction subset 
encompasses 140 reactions compiled from literature. The 
entries are indexed with the following subheadings: 
identification number, reactants and products, fit function 
model, fit function order, polynomial model, polynomial 
coefficients, temperature validity range, partial pressure of 
the reacting gas and literature source. 

The database is available to public on request and can 
be easily extended to fit one's needs. 

 
 2.4.2 Mineral matter transformation kinetic solver 

Kinetics is the study of the rates of chemical processes 
in an effort to understand what is that influences these rates 
and to develop theories which can be used to predict them. 
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Once they are built (as function of temperature, pressure, 
concentrations, particle diameter, etc.) these models are 
employed to perform calculations for any set of conditions.  

A single nth order irreversible reaction can be 
represented by the general form: 

 +P+νPν+R+νRν R,,PR,,PC,,EC,,R 21112211
    (25) 

Assuming a physico-geometry based kinetic model 
function f(X) and the constant rate K, the following generic 
kinetic equation can be written (Epple et al., 2009): 

 Xf=K
dt

dX
          (26) 

Table 1 lists the kinetic model functions f(X) employed 
for the kinetic study of the solid-state reactions (Tanaka, 
1995), (Vyazovkin and Wight, 1997).  

 
Table 1 Kinetic model function f(X) 
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Phase boundary controlled models R1-R3 are used to 
describe reactions with non-porous core when diffusion 
processes are neglected and for evaporation, sublimation 
and dissolution. Diffusion models D1 and D2 are used to 
describe coalescence of MM inclusions in single ash 
particles. The D3-D5 models are used to describe solid state 
diffusion of mineral powder mixtures in particles. Physical 
processes of crystallization, recrystallization and 
decomposition have been successfully fitted with the An 
model. Formal kinetic nth order model Fn describes 
heterogeneous reactions. When gas diffusion, Knudsen 
diffusion or some other diffusion processes and chemical 

reaction need to be taken into account the shrinking core 
model SCM is applied. 

For all model functions it is assumed that the mineral 
unreacted core is nonporous, while the spherical shell 
enveloping the core can be porous (Bozic et al., 2000). 
 

Table 2 Chemical reaction polynomials 
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The reaction constant depends on the Arrhenius 
parameters, temperature, activation energy, reactants to 
products ratio, partial pressure and particle diameter. The 
constant rate is characterized by the polynomial functions 
(P1-P7) presented in Table 2. 

 
 2.4.3 Mineral matter transformation and coal 

combustion coupling 
The MM transformation procedure is appended to a 

Lagrangian module and is accessed at each time step. Based 
on the mineral species within the particle and the local 
environment the mineral reactions to occur are identified. 
Once the aforementioned procedure has been performed for 
all the minerals within the particle ones proceeds to the 
calculation of particle mass, density and specific heat. 

A particle fusion temperature (PFT) criterion is used to 
model deposit growth. If the particle impaction temperature 
is higher than the PFT, the particle sticks to the wall and its 
trajectory is ended. Contrarily, the particles rebound and are 
further tracked. 

 3 PRACTICAL APPLICATION 
 3.1 Test facility description 

The experiments were carried out in a pulverized solid 
fuel furnace with a maximal thermal output of 1 MW (Fig. 
1). The thermal output, air and fuel mass flow rates are 
established function of fuel type and quality. The furnace 
consists of a horizontal combustion chamber and a swirl 
burner. The operation conditions are given in Table 3. 
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Fig. 1 Test facility 
 
 

Table 3 Furnace inlet coal/air 
 

 Temperature 
°C 

Mass flow 
kg/s 

Combustion air   
 Conveying air 20 0.0200 
 Swirl air 190 0.0342 
 Secondary air 181 0.0236 
 Ternary air 204 0.1330 

Coal 20 0.0231 
 
 

Table 4 Hambach coal analyses 
 

Particle size distribution 
Particle size µm 14 41 84 155 270 
Fraction mass-% 20 20 20 20 20 

Proximate analysis 
Moisture* mass-% 11.50 
Volatile matter (daf) mass-% 52.49 
Ash*  
Heating value (daf) 

mass-% 
MJ/kg 

3.91 
21.78 

Ultimate analysis mass-% (daf) 
C H N S O 

69.48 5.01 0.80 0.46 24.25 
Fraction of raw minerals per particle class mass-% 

Particle diameter 
µm 

< 80  
 

80-112  112-160  > 160 

Pyrite   0.15     0.22     0.00   0.28 
Quartz   0.96     0.10     0.10   0.02 

Hematite   0.28     1.57     0.07   1.17 
Periclase   8.55     4.31   10.35 15.17 
Siderite   0.69   17.32     1.76 26.62 
Gypsum 80.45   52.41   23.98 42.45 
Kaolinite 

Unidentified 
Sum 

  0.79 
  8.13 
100 

    1.15 
  22.92 
100 

    2.02 
  61.72 
100 

  8.95 
  5.34 
100 

                                   * - after fuel drying in the mill 
 
 
The furnace was fired with dried lignite from Hambach 

opencast coal mine. The ultimate, proximate, oxide analyses 

and raw MM distribution in particles are summarized in 
Table 4. 

The furnace was operated for 27 h under nearly 
stationary conditions. At the end of the experiments, after 
cooling, the furnace was inspected for ash deposit 
formation. The entire amount of ash was collected and 
weighted. The rate of deposition was determined as the 
mass of the collected ash divided by the experiment time. 

Regarding the ash quantification on each of the furnace 
walls only a visual evaluation was possible. Because of the 
low temperatures (< 1000 °C) only loose, powdery deposits 
are formed which due to perturbations either during 
combustion or ash collection procedure fall easily to the 
bottom wall. 

Almost the entire amount of ash was gravitationally 
deposited on the bottom wall. Two ash hills, one in section 
A and one in section B of the bottom wall were identified. 
The formation of the ash hills is explained by the presence 
of heavy, coarse particles which tend to fall to the bottom 
wall as soon as they enter the combustion chamber and the 
effects of the swirl burner which projects coal particles to 
the wall. 
 
 3.2 Major mineral transformations of Hambach coal 

Based on the coal chemical analysis (Table 4) the 
following chemical reactions are identified as having a 
major role in MM transformation of Hambach coal (Bozic, 
2003), (Tomeczek et al., 2004), (Neuroth, 2007). 

The reactions were computed under isothermal 
conditions, based on the mathematical models presented in 
Table 1 and Table 2. 
 

Table 5 Relevant MM reactions in Hambach coal 
 

1     2x22 SO1-2x+SFeO12xFeSx   F1, P1 - 

2 2x 0.5S+xFeSFe  F1, P1 Fig. 5 

3 243 0.5O+3FeOOFe  F1, P1 - 

4 24332 0.5O+OFe2O3Fe  - - 

5 24332 CO+OFe2CO+O3Fe   - - 

6 243 CO+3FeOCO+OFe  SCM - 

7   2432x 3SO+OxFeO32x+S3Fe   F1, P1 Fig. 7 

8 FeOO+Fe 22
1  F1, P1 - 

9 4322
1 OFeO+3FeO  F0.7, P2 Fig. 6 

10 32243 OFe30.5O+OFe2  F1, P1 Fig. 8 

11 23 CO+FeOFeCO  An, P1 Fig. 4 

12   O2H+CaSOOHCaSO 24224   An, P1 Fig. 2 

13 224 0.5O+SO+CaOCaSO  F1, P1 Fig. 3 

14    O4H+)2SiOO2(AlOSiOHAl 223210484   - - 

15   2232232 4SiO+2SiOO3Al2SiOOAl3   - - 

16 all possible phase transformations EQ - 

17
all possible structural 
transformations 

EQ - 
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Under pulverized coal combustion conditions in the 
radiative section the gas temperature reaches values of 1700 
°C, whereas burning char particles are 100 – 300 °C hotter 
than the surrounding flue gas. Typical residence times and 
heating rates of 1-3 s, respectively 104-106 °C/s are reported 
(Gallagher, 1992), (Neuroth, 2007). The reaction rates vary 
widely: fast and slow reactions take less than 1 s, 
respectively several hours to complete. Given the short 
residence time in combustion chambers the slow reactions 
are believed to occur in the ash deposits.  
 

 
Fig. 2 Gypsum dehydration 

 
 

 
Fig. 3 Anhydrite decomposition 

 
 

Gypsum (CaSO4(H2O)2). Gypsum dehydrates during 
rapid heating to form anhydrite (CaSO4) and water vapor 
(Fig. 2). 

At high temperatures anhydrite decomposes (Fig. 3) to 
release SO2 which further reacts to form very fine particles 
(Li et al., 2002). 

Pure gypsum and anhydrite do not normally form sticky 
particles inside the combustion chamber. Their presence in 
deposits is explained by inertial deposition or impaction on 
sticky surfaces. Calcium and sulfur compounds are reported 
to form strong bonds on the deposited ash (Fernandez-
Turiel et al., 2002). 

Siderite (FeCO3). Siderite decomposition is relatively 
fast (Fig. 4). Its decarbonation starts at temperatures as low 
as 500 °C (Mukherjee and Srivastava, 2006). 

 

Fig. 4 Siderite decarbonation 
 
 

Fig. 5 Pyrite decomposition 
 

 
Fig. 6 Pyrrhotite oxidation to magnetite 

 
 
 

Pyrite (FeS2). In an oxidizing environment pyrite 
undergoes the following transformations: 

3243x2 OFeOFeOSFeSFeFeS    (26) 

As shown in Fig. 5, pyrite decomposition to pyrrhotite 
(FexS) is a fast reaction. Temperatures above 1083 °C cause 
the porous pyrrhotite particle to melt (Mayoral et al., 2002).  

Under reduction conditions pyrrhotite releases sulfur. 
However, the reaction is slow in comparison to typical 
particle flight time in combustion chambers (Tomeczek et 
al., 2004). 
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Fig. 7 Magnetite formation 

 
 

If oxygen diffuses into the pyrrhotite particle than 
wustite (FeO) and magnetite (Fe3O4) (Fig. 6) are formed. 
Wustite oxidation to magnetite is shown in Fig. 7.  

The very low reaction rate of hematite (Fe2O3) 
formation suggests that hematite found in deposits 
(Neuroth, 2007) is probably the result of iron minerals 
oxidation after deposition (Fig. 8). 

 
 

 

 
Fig. 8 Magnetite oxidation to hematite 

 
 
 3.3 CFD simulation results and discussion 

The combustion chamber and the first section of the 
flue gas system of the experimental facility were discretized 
with a 150x120x120 rectangular mesh. The inlet and the 
walls have a fine cell distribution, while the vertical flue-gas 
pathway has a coarse one. The chemical analyses of the 
Hambach coal and operational conditions of the test facility 
were used as initial and boundary conditions. 

Fig. 9 shows the mass flow rate of ash and coal 
particles deposited on the bottom wall. Since only minor 
deposits form on the other walls, they are not shown here. 
As in the experiments, the CFD modeling predicts higher 
deposition rates in the section A and B of the bottom wall. 
Therefore, the physical appearance of the CFD calculated 
deposits is in qualitatively agreement with the experiments. 
A deposition rate of 690.3 g/h was computed, while a rate 
of 723 g/h was determined experimentally. 

 

           

 
Fig. 9 Mass flow rate of particles (kg/(m2s)) deposited on 

the bottom wall  
 
 

Fig. 10 Mass flow rate of particles deposited to the walls 
(summed in x direction) 

 
 

The CFD calculation predicts that the deposit consists 
of raw coal, unburned char and ash (Fig. 10). The deposit in 
section A is mainly formed of ash and raw coal particles 
and accounts for about 34 mass-% of the total deposit.  

In section B,  with increased particle residence time, as 
raw coal undergoes pyrolysis, the char becomes the main 
constituent in particles and deposit.  
 

Fig. 11 Chemical analyses of oxides in deposits 
 

Only about 5.5 mass-% of the total amount of deposit 
accumulates in sections C and D.  This is believed to occur 
due to the intensive particle mass loss (because of pyrolysis, 
char combustion and MM decomposition). Therefore, the 
particles are carried by the flue gas to the exit. 
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Because the modeling does not consider secondary 
chemical reactions of the MM in the deposit, the 
composition of the modeled deposit can be compared with 
the experiments only on basis of the chemical analyses of 
oxides (Fig. 11). Experimental ash probes were collected 
only form sections A-C. 

The average composition of the deposit changes 
slightly with increase in distance from the burner (section 
A-C). The dominant components are CaO, SO3, MgO, 
Fe2O3, SiO2 and Al2O3. With increased distance from 
burner, as gypsum and anhydrite particles loose weight due 
to dehydroxylation, respectively sulfur release (i.e., more 
particles exit the chamber) the mass fraction of CaO in 
deposit decreases. The same tendency is observed for SO3 
due to sulfur release form pyrite and anhydrite 
decomposition. 

MgO, SiO2 and Fe2O3 experimental and computational 
values are in very good agreement. MgO and SiO2 behave 
as inert due to the low temperatures in the combustion 
chamber. The refinement of the iron reactions model which 
encompasses 11 reactions is thought to be responsible for 
the very good Fe2O3 prediction.  

Al2O3 was not quantified in the experiments.  

 4 CONCLUSIONS 
The developed CFD model is able to reproduce the 

observations in a pulverized coal fired test facility. This 
proves that coal MM transformation can be modeled as a 
mixture of individual minerals. To improve the accuracy of 
the model further work is needed, particularly on the 
refinement of the chemical reaction models. 
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NOMENCLATURE 
Latin letters 
A surface, m2 
Apcs projected cross sectional area, m² 
aP specific surface, m²/kg 
C gas concentration, kg/m³ 
CD drag coefficient, dimensionless 
Cn polynomial coefficients, n=1,2, …  
cp specific heat capacity, kJ/(kg K) 
D diffusion coefficient, m2/s 
EA,Echar activation energy, kJ/kmol 
EQ equilibrium 
F force, N 
f reaction model, kg/kg 
fm factor 
f(X) model function 
g  gravitational acceleration, m/s2 (vector) 
H enthalpy, kJ/kg 
K reaction constant, 1/s 
kchar reaction constant, kg/(m²sPa0.5) 
k0 frequency factor, 1/s 

m mass, kg 
n order of reaction 
Nu Nusselt number, dimensionless 
p pressure, N/m2 
PR product 
Pn polynomial coefficents  
Q heat, kJ 
Q rate of heat flow, kW 
RC reactant 
R gas constant, kJ/(kmolK) 
Re Reynolds number, dimensionless 
r radius, m 
rH2O heat of vaporization, kJ/kg 
S entropy, kJ/K 
T temperature, K 
u  velocity, m/s (vector) 
V volume, m3

x pathway, m 
Xi volume fraction of species i, m3/m3 
Yi mass fraction of species i, kg/kg 
Z volume change, m3/m3 

 

Greek symbols 
β heating rate, K/s 
∆ difference 
μ dynamic viscosity, kg/(ms) 
ν stoichiometric coefficient, dimensionless 
ρ density, kg/m3 
τ time, s 
τD particle relaxation time, s 

 

 
Subscript 
c core mi mineral 
chem chemical p particle 
comb combusted por porosity 
cond conduction pyr pyrolysis 
conv convection R reactant 
d diameter vol volatiles 
daf dry and ash free rad radiation 
eff effective 0 reference 
g gas x,y stoichiometric  
melt melting  coefficients 
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