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Abstract
The oxy (at the 25% and 30% O2 mole fraction) and air combustion of pulverized lignite was experimentally studied
in a drop tube furnace operating at temperature of 1200oC. Profiles of main and trace species, temperature and coal
burnout were measured. A new combustion model of pulverized coal has been developed and implemented into
FLUENT code. The numerical results, including NO emission, show good agreement between experimental and
numerical data so that the model can be further applied to simulate pulverized coal combustion in industrial devices.
Introduction
Since the oxy combustion technology still seems to
be a promising method for reduction of the CO2 emission coming from power plants burning fossil fuels, all
aspects connected with this new technology should be
carefully studied before industrial implementation.
Thus, fundamental research, including experimental
tests, mathematical modelling and numerical simulations, should be first carried out to understand the complex combustion process. This paper, dealing with the
basic research, increases understanding of the subject by
laboratory experiments and numerical study.
Experimental setup
Laboratory combustion experiments of pulverized
lignite, from Polish Turów coal mine, were carried out
in an isothermal flow reactor of 20 kW thermal power.
The reactor, presented in Fig. 1, consists of a vertical 3meter ceramic cylindrical tube of the 135-mm inner
diameter and electrically heated up to 1200°C [1].
The reactor burner, composed of two separate inlets
and partially installed inside the tube, supplied predried
(15% moisture) pulverized lignite with the carrying
primary gas (80oC, 1.5 m3/h) through the central path
into the reactor. The secondary gas (120oC, 2.5 m3/h)
was supplied into the reactor by the outer ring of the
burner equipped with a diffusor. The residence time of
fuel in the reactor was up to 2 s. The measurements of
O2, CO, NO, SO2 mole fractions were performed using
infrared spectroscopy (Servomex and FT-IR equipment)
and paramagnetic analyser (Oxymat61). The measurement points were located at the reactor axis at 6 different distances of 56 cm, 95 cm, 135 cm, 215 cm, 270 cm
and 310 cm from the reactor top.
Three different combustion atmospheres were used
to burn pulverized lignite at 1200oC. The first one was
air and the others were two mixtures consisting of the
25% and 30% O2 mole fraction with CO2 as the rest gas.
The excess O2 ratio varied from 1.30 for oxy and 1.45
for air combustion. Under the reactor, the two-stage
system of ash collection was installed with the quenching probe. Additionally, the two tests of pulverized
lignite devolatilization were carried out in pure N2 and
CO2 at 1000 °C to get lignite char for further analysis.
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Fig. 1: Scheme of the experimental facility (1 reactor, 2
feeder, 3 secondary gas stream heater, 4 carrying gas stream
heater, 5 FT-IR and Oxymat 61 analyzer, 6 controlling unit,
data archiving, 7 gas mixers, 8 cooling unit, 9 gas batteries)
Table 1: Proximate and ultimate analysis of
lignite and lignite char formed in N2 and CO2
component:
lignite
char N2
char CO2
moisture, %
14.10
1.86
1.57
ash, %
11.25
32.48
34.5
volatiles, %
49.36
0.0
0.0
combustible,%
74.65
65.70
63.90
HHV, kJ/kg
19870
LHV, kJ/kg
18583
C, %
45.53
62.47
60.55
H, %
4.32
0.70
0.87
O, %
23.11
0.47
0.57
N, %
0.44
0.52
0.43
S, %
1.25
1.51
1.53

Figure 2 shows the cumulative particle volume distribution based on the sieve analysis of pulverized lignite. The particle distribution has been estimated by the
Rosin-Rammler distribution:
(1)
with the parameters of n = 3.60 and = 120 μm.

(10)
where mV is CmHnOl mass remained in the particle,
Adev = 1×105 1/s, Edev = 132 kJ/mol. Since H2S, HCN
and NH3 are released during devolatilization like
CmHnOl, their devolatilization rates are proportional to
the devolatilization rate of CmHnOl. The division of fuel
nitrogen among HCN and NH3 is described by the parameter of a whose value of 0.7 has been applied in
numerical simulation.

Fig. 2: Particle volume distribution based on the sieve
analysis, • measured points, Rosin-Rammler distribution

Table 2: Composition of pulverized lignite
combustion in
lignite component:
air
oxy-fuel
moisture, %
14.10
14.10
ash, %
11.25
11.25
volatiles, %, i.e.:
51.91
53.80
CmHnOl, %
50.92
52.75
N(vm), %
0.26
0.30
S(vm), %
0.73
0.76
char, %, i.e.:
22.74
20.85
C(s), %
21.64
19.74
H(s), %
0.24
0.28
O(s), %
0.16
0.18
N(s), %
0.18
0.14
S(s), %
0.52
0.50

Combustion model
Combustion of pulverized coal is a complex process
consisting of several overlapping or successive processes nonlinearly coupled, i.e. moisture evaporation, devolatilization, volatile matter and char combustion. The
sequence of the above processes mainly depends on the
coal type, the particle size and the particle heating rate.
In the current study, the Euler-Lagrange approach is
applied to simulate combustion of pulverized lignite, i.e.
the gas phase is treated in the Eulerian manner while the
lignite particles are treated as Lagrange discrete particles moving in the gas phase. Both continuous and discrete phases interact with each other by exchange of
mass, momentum and energy.
The key point of the combustion model is the composition of fuel. Based on the ultimate and proximate
analysis of lignite and its char, the composition of the
fuel particle has been defined as follows:
lignite = moisture + ash + volatiles + char = 100%, (2)
where volatiles, released during devolatilization, are
represented in the following form:
volatiles = CmHnOl + S(vm) + N(vm),
(3)
in which the hydrocarbon, CmHnOl, stands for all volatiles without sulfur and nitrogen compounds which are
released as adequate compounds containing sulfur and
nitrogen in the amount of S(vm) and N(vm), respectively.
The char composition is as follows:
char = C(s) + H(s) + O(s) + S(s) + N(s)
(4)
in which C(s), H(s), O(s), S(s) and N(s) stand for carbon,
hydrogen, oxygen, sulfur and nitrogen which create
a fixed combustible substance of lignite formed after
devolatilization. Table 2 shows the lignite composition
which has been applied in numerical simulations. The
empirical formula of the released hydrocarbon is
C1.5H2.82O and its standard state enthalpy is 50.1 kJ/mol.
Usually, coal moisture evaporation is the first step preceding pulverized coal combustion. Since evaporation is
not a critical process requiring detailed investigation in
the current study, it is modeled as a simple reaction
(5)
moisture → H2O(g)
so that the evaporation rate is expressed as
(6)
where mw is moisture mass remained in the particle, Tp
is the particle temperature, Adry = 300 1/s, Edry = 17.0
kJ/mol. Also, devolatilization is treated in a simple way
and described as following reactions
(7)
CmHnOl(s) →CmHnOl(g)
(8)
S(vm) → H2S(g)
(9)
N(vm) → a HCN(g) + (1 - a) NH3(g)
that the devolatilization rate of CmHnOl is expressed as

Char combustion consists in oxidation and gasification. The following oxidation reactions of char carbon
(11)
C(s) + 0.5 O2 → CO
(12)
C(s) + O2 → CO2
play the major role in combustion. Other surface reactions, especially gasification reactions
(13)
C(s) + CO2 → 2 CO
(14)
C(s) + H2O → CO + H2 ,
oxidation of hydrogen, sulfur and nitrogen
(15)
H(s) + 0.25 O2 → 0.5 H2O
(16)
S(s) + O2 → SO2
(17)
N(s) + 0.5 O2 → NO,
and the NO reduction reaction
(18)
C(s) + NO → CO + 0.5 N2,
play a minor role during air and oxy combustion.
It can be shown by employing the single film model
that the oxidation rate of char carbon is expressed as
(19)
with i = 1 for Eq (11) and i = 2 for Eq (12), ψ1 = 2 molC/mol-O2 and ψ2 = 1 mol-C/mol-O2, MC = 12 kg/kmol,
kd = Sh D / dp
(20)
is the mass transfer coefficient, and the effective diffusion coefficient is defined as [2, 3]:
(21)
the rate coefficient of the i-th reaction is defined as
(22)
where Ai and Ei are the kinetic parameters. The fs function describes evolution of the specific surface area and
the effect of the nonreactive ash surface during the coal
particle combustion. In the current study, fs gets the
following form:
(23)
where q = 1.65 [4], and
(24)
is char carbon burnout.
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For char carbon oxidation reactions Eqs. (11) and
(12), the values of the kinetic parameters are coupled
each other so that mole amount of CO and CO2, formed
in these reactions, satisfy the following expression:
(25)
where A = 2A1/A2 = 70 and E = E1-E2 =25.5 kJ/mol [5]
with A1 = 6700 m/s and E1 = 76.0 kJ/mol have been
applied in the numerical simulations. The rate of gasification reactions Eqs. (13) and (14) is expressed as
(26)
with g = CO2 for i = 3 or g = H2O for i = 4, ψ3 =1molC/
molCO2, ψ4 = 1molC/molH2O, Cg,∞ is mole concentration
of the g-th species in the gas bulk, and A3 = A4 =
2.55×106 m/s, E3 = 214 kJ/mol, E4 = 180 kJ/mol.
Since hydrogen, sulfur and nitrogen fixed in char are
simultaneously oxidized during char carbon oxidation,
their oxidation rates are proportional to the rate of char
carbon oxidation. The rate of the NO reduction heterogeneous reaction (18) is expressed as
(27)
where A=8.9×104 m/s, E=133 kJ/mol, ψ = 1
.
Gas phase combustion is dominated by oxidation of
the main gas species:
(28)
CmHnOl +
O2 → m CO + H2O ,
CO + 0.5 O2 → CO2
(29)
H2 + 0.5 O2 → H2O
(30)
whose reaction rate, Ri, is defined by the finite rate/
eddy dissipation model as
(31)
where Rt is the mixing rate defined for nonpremixed
combustion as [6, 7]:

whose reaction rate equations and parameters can be
found in [9, 8, 10, 11]. The NO can be also reduced by
the homogeneous reburning reaction of
CmHnOl + NO → m HCN + …
(42)
whose reaction rate equation and parameters can be
found in [12].
Although the SOx emission has been taken into account in the current combustion model and numerical
simulations as well, no detailed reactions describing
SOx model have been presented in the current study in
which the combustion process and the NOx emission
were the main topic to discuss.
Finally, the particle conservation equations of mass
and energy can be presented. The mass conservation
equation of the i-th particle component is defined as
(43)
where mi,p is mass of the i-th particle component decreasing in corresponding rate of ri,p, and the total particle mass is expressed as follows
(44)
Each i-th Eq. (43) is solved with the initial condition of
(45)
where fi,0 is the initial mass fraction of the i-th particle
component having true density of ρi,
is the
initial particle volume. Evolution of the particle volume
is described as
(46)
where α = 1.0 [13,14], Xp is the total particle burnout.
Next, the particle density is determined as
(47)

(32)

Thus, the decrease of the particle volume during coal
burnout insures the particle density against an excessive
fall in value unlike other combustion models which hold
the constant particle volume.
The particle temperature, Tp, is a solution of the following conservation equation of particle energy [15]

where values of ε and k are determined by a turbulence
model adequate for the flow state. The Arrhenius rate is
separately defined for each reaction, i.e. for Eq. (28) as
(33)
where A = 2.24×1012, E = 210 kJ/mol, for Eq. (29) as
(34)
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where A = 2.24×10 , E = 170 kJ/mol, and for Eq(30) as
(35)
where A = 9.87×108, E = 31.0 kJ/mol, and the unit of A
is so defined that [Rk] = kmol/(s×m3).
For the gas phase, the NOx emission model consists
of thermal, prompt and fuel mechanisms. The extended
Zeldovich mechanism, describing the thermal NOx
formation, is reduced to one following reaction
N2 + O2 → 2 NO
(36)
and the prompt NO formation path is defined as
CmHnOl + N2 → m HCN + …
(37)
in which nitrogen mainly comes from air and whose rate
equations and parameters can be found in [8].
HCN and NH3, released during lignite devolatilization, and NO, formed by oxidation of char nitrogen,
evolve according to the De Soete model [9, 8]:
HCN + 1.25 O2 → NO + CO + 0.5 H2O
(38)
HCN + 1.5 NO → 1.25 N2 + CO + 0.5 H2O
(39)
NH3 + 1.25 O2 → NO + 1.5 H2O
(40)
NH3 + 1.5 NO → 1.25 N2 + 1.5 H2O
(41)

(48)
where h* is the modified heat transfer coefficient, ΔHi is
the heat of the i-th particle reaction taking place at the
rate of ri,p. .
The combustion model of pulverized coal, described
above, has been implemented into Fluent code by
UDFs. Except for the models described above, the mass,
momentum and energy conservation equations of the
gas phase have been solved by the standard Fluent models. Due to the existing flow conditions inside the reactor, the quantities of the eddy-dissipation model were
determined by the transition shear-stress transport turbulence model. The discrete ordinates method was used to
solve the radiation transfer equation governing the radiation heat transfer. Although the mean beam length is
short in the current laboratory reactor, the modified
WSGG model has been adopted and used for oxy combustion [16] while the standard WSGG model was applied for air combustion.
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Results and discussion
Figs. 3, 4, and 5, showing contours of selected quantities, give an account of the combustion process in air
and oxy-fuel conditions experimentally investigated.
Since the model distinguishes between the simultaneous
and sequential devolatilization and char combustion
separately for small and large coal particles, the smallest
particles (with dp < 100μm), immediately heated at
a high heating rate, simultaneously start devolatilizing
and char burning near the burner zone. The burner part
arranged inside the reactor gets high temperature so that
the small particles flowing near the hot burner walls are
easily heated by burner radiation. Unlike the small particles, the large particles (with dp > 100μm) first devolatilize, and then the char ignition and combustion occur
when their devolatilization is completely finished. Volatile matter released during devolatilization is burnt in
a reactor region located upstream to the combustion
zone of large char particles.
The gas temperature reaches the highest value of
1550oC for air combustion, and 1332oC and 1412oC for
oxy combustion with 25% and 30% O2, respectively.
The oxidation and gasification rates of carbon, presented in gC/s, show the total rates of adequate reactions.
Fig. 6 compares predicted profiles of selected gas
species with experimental points for air and oxy combustion. Except for profiles of the H2O mole fraction,
a reasonable agreement of experimental and predicted
data is achieved.
Table 3 presents selected indicators of the NO emission measured during experiments and predicted in
numerical simulations. Usually, the NO emission can be
expressed using different units, especially mgNO/MJ has
been derived from the following expression

a) velocity, cm/s

b) gas temper., oC

c) oxidation rate
of carbon, g/s

d) gasification rate
of carbon, g/s

e) CmHnOl, %

f ) O2, %

g) CO, ppm

h) CO2, %

i) H2O, %

j) NO, ppm

k) HCN, ppm

l) NH3, ppm

(49)
where
is the NO mass flow rate gained at the reactor outlet,
is coal mass flow rate supplied to the
reactor,
is the coal HHV. However, the practical and
true signification of the NO emission is presented by the
fuel-N conversion factor expressed in mgNO/mgNf since
it directly provides the NO mass flow rate when the fuel
flow rate is ahead known. Comparing NO emission
indicators, it is clear that the highest NO emission, expressed in both units of mgNO/MJ and mgNO/mgNf, is
achieved for air combustion due to the impact of thermal NO. Among the oxy combustion cases, the higher
NO emission indexes are noted for the higher 30% O2
mole fraction case comparing with the lower 25% O2
case. This interesting result can be explained by the
higher temperature of 1412 oC reached at 30% O2 oxy
combustion making more favourable oxidizing conditions at which higher amount of NO and higher char
burnout can be created.
Finally, the predicted carbon-in-ash (CIA) fraction
closely agrees with the experimental one, i.e. 1.60%
measured and 4.1% predicted at air combustion, 3.0%
measured and 5.0% predicted at oxy combustion with
25% O2, and 2.70% measured and 2.51% predicted at
oxy combustion with 30% O2.

Fig. 3: Selected contours showing predicted air
combustion of pulverized lignite. × 6 measurement
points are located along the reactor axis
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b) gas temp., oC

c) oxidation rate

e) CmHnOl, %

f ) O2, %

g) CO, ppm

h) CO2, %

i) H2O, %

j) NO, ppm

k) HCN, ppm

l) NH3, ppm

a) velocity, cm/s

d) gasification rate
of carbon, g/s

b) gas temp., oC

c) oxidation rate

e) CmHnOl, %

f ) O2, %

g) CO, ppm

h) CO2, %

i) H2O, %

j) NO, ppm

k) HCN, ppm

l) NH3, ppm

a) velocity, cm/s

of carbon, g/s

d) gasification rate
of carbon,g/s

Fig. 4: Selected contours showing predicted oxy combustion
(25% O2) of pulverized lignite. × 6 measurement points
are located along the reactor axis

of carbon, g/s

Fig. 5: Selected contours showing predicted oxy combustion
(30% O2) of pulverized lignite. × 6 measurement points
are located along the reactor axis
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b) CO, ppm

c) H2O, %
d) NO, ppm
Fig. 6: Measurement points and predicted profiles of species
Table 3: Measured and predicted indicators of the NO emission
measured
combustion
in:
air (no thermal
NO mechanism)
air (with thermal NO mech.)
oxy, 25% O2
oxy, 30% O2

predicted from numerical simulation

NO ppm,
dry

NO
ppm
dry

-

6%O2 dry

mgNO/
MJ

mgNO/
mgNf

255

345

110

0.499

321

325

419

138

0.624

316
406

315
410

372
590

82.6
106

0.375
0.481

Conclusions
First, the laboratory experiments of pulverized lignite
combustion were carried out at different conditions of
oxy-fuel and air. Essential characteristics of the combustion process were measured, e.g. profiles of main
and trace gas species, temperature and char burnout.
Next, a new original combustion model of pulverized
coal has been developed. The model considers all important partial processes and phenomena present in
pulverized coal combustion. Moreover, a detailed representation of the fuel particle composition has been specially introduced to correctly predict the emission of
trace species. Without loss of simplicity making the
model easy to use in any CFD computer code, simultaneous changes of particle density and particle size are
taken into account by the model and the ignition of char
depends on the particle size and the devolatilization
level as well.
Finally, a short account of the combustion process was
given. The numerical simulations have correctly predicted the combustion behavior in both qualitative and
quantitative sense. Different modes of NOx emission
have been successfully explained. The combustion
model, verified by the experimental results, has proved
its capability to reproduce real combustion conditions
even if the operating conditions are only slightly altered
so that it is ready-made and can be used in CFD.
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