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Abstract
This work presents experimental and numerical investigations of the combustion of a methane/air mixture fed with
coal particules. The designed configuration is a premixed laminar flame which impacts on a wall surface. It promotes
the formation of a methane/air flame front parallel to the stagnation plane. Coal particles oxidation will take place in
the hot region between the flame front and the wall. Laser induced fluorescence PLIF measurements of OH radical
and Direct view images of CH∗ spontaneous emission are performed to identify the chemical flame structure. The
inlet fresh gas boundary conditions are well characterized in the experiments in terms of gas velocity but also number
of coal particules and mean particule diameter. These conditions are used to perform numerical simulations with the
1-D REGATH code developed at EM2C laboratory. The coal particles are simulated by devolatilization and gasification reactions, coupling with the gas phase calculated with a detailed chemical reaction scheme for the methane-air
combustion. Preliminary analysis of experimental and numerical results are presented.
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1. Introduction
With the growing demand of more reliable and cleaner
energy supply, coal has been and will continue to be one
of the most important resources in the long term due
to its abundant worldwide reserves and competitively
low prices, especially used in the power generation
[1]. To limit greenhouse gases and respect air pollutant
emission standards, post-processing implying CO2
capture is an industrial process that is efficient at high
values of carbon dioxide concentration. In this sense
coal combustion with enriched air or pure oxygen has
become a ground-breaking technology for designing
thermal power plants and coal thermo-conversion
processes. In recent years, laboratory scale studies
have been conducted considering enriched air or
oxy-combustion.
Coal combustion is a complex phenomenon that involves devolatilization, gasification and both volumetric and surface chemical reactions. In order to charac∗ Corresponding
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terize the behavior of pulverized coal flames such as the
flame structure, stability, burn-out and pollutant formation, both experimental techniques and numerical simulations are essential to get a better understanding of
these physical and chemical processes.
Examinations on the single-particle level give detailed
insight into the combustion phenomena of ignition,
volatile combustion, and char burnout. Levendis et al.
[2, 3] performed optical pyrometry and high-speed cinematography on single burning particles in a laboratory laminar-flow electrically-heated transparent droptube furnace. The experiments were conducted in different combustion atmospheres of air and oxy-firing conditions to examine the ignition and combustion behaviors
of coal particles in different ranks. Entrained flow reactors were used in some researches [4, 5, 6, 7] to investigate coal combustion and gasification in a preheated
laminar flow under air and oxy-combustion conditions.
Optical pyrometry, particle image velocimetry (PIV),
char and burnt gases composition measurements were
carried out. The analysis of results showed that an oxygen enrichment of the combustion atmosphere enhances
the devolatilization process by favoring an increase of
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the coal particle temperature, and the presence of CO2
retards single-particle coal ignition and increase the duration of volatile combustion. Kinetic modelling of coal
devotilization and char oxidation in this configuration
showed the ability to predict the combustion yield and
the influence of different submodels on the simulated
results[8, 7].

A premixed methane/air stream fed with pulverized coal
particles at ambient pressure and temperature exits an
axisymmetric convergent nozzle of 10 mm inner diameter. The jet then impacts a horizontal metallic brass
wall. The distance between the nozzle and the horizontal metallic wall is kept constant to 10 mm in the
experiments presented in this paper. The burner nozzle is surrounded by a coaxial nozzle fed by nitrogen.
It creates an inert coflow which protects the reaction
zones from ambient perturbations that could disturb the
measurements. The pulverized coal is stored in a reservoir. Methane/air flow is injected above the reservoir
and conveys coal particules.

Considering pilot-scale facilities Hu et al. [9] used
particle image velocimetry (PIV), thermocouples and
flue gas analyzer to study swirling coal combustion
and NO formation under different secondary-air ratios,
and the Eulerian-Lagrangian Large Eddy Simulation
(LES) results were validated.
A laboratory-scale
open-type annular burner was utilized by Balusamy
et al. [10] to generate a particle-laden reacting flow
of pulverized coal and both laser Doppler velocimetry
(LDV) and particle image velocimetry (PIV) techniques
were adopted to demonstrate the applicability of the
high-speed PIV technique to a particle-laden, high
luminosity coal flame. The LES simulation performed
by Muto et al. [11] successfully predicted the characteristics of this flame. Another well-studied set-up is the
CRIEPI jet flame burner [12] and several validations
of LES/RANS modeling were conducted and showed
good results [13, 14]. However, very few experimental
and numerical studies have investigated the strained
flow configuration of pulverized coal combustion.

Figure 1: Schematic of the burner

The objective of the present work is to study experimentally and numerically the combustion of pulverized coal
in a mixture of methane/air reactive flow. A laboratoryscale laminar strained configuration is designed. The
configuration is a premixed methane/air flow which impacts on a wall surface. The pulverized coal reacts in the
hot region confined between the methane-air flame front
and the stagnation plane created by the wall. Numerical
analysis are performed by implementing kinetic models of pulverized coal combustion in the 1-D REGATH
code developed at EM2C laboratory. The coal particles are simulated by devolatilization and gasification
reactions, coupling with the gas phase calculated with a
detailed chemical reaction scheme for the methane-air
combustion.

2. Experimental setup
The experiments were carried out using a strained flow
burner described in Fig. 1. The setup is briefly described below, further information can be found in [15]

Figure 2: Direct views: Methane/air/coal flame (top), Methane/air
flame (bottom)
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The flow impacting the wall forms a stagnation plane
flow. A laminar flame front appears at a given distance
from the wall depending on the laminar flame speed and
injection velocity. Figure 2 shows a direct view of the
flame front: coal/methane/air flame (top), methane/air
flame (bottom). The hot gases from the methane/air
combustion are located between the flame front and the
wall. This hot region promotes heating, pyrolysis and
oxidation of the pulverized coal particles.

emission. The filter used has 60% transmission and a
10 − nm wide bandpass centered around 430 nm.
The spatial resolution obtained by the optical arrangements was 0.1 mm. The color scale in the resulting
images represents pure fluorescence intensity, and does
not directly correspond to OH mole fraction because the
LIF signals were not corrected for quenching, the thermal distribution and saturation effects. However it has
been observed that quenching effects on the OH PLIF
signals are constant. The OH LIF signals can therefore
be considered linearly proportional to the OH radical
population within a calibration constant.

In this study, the methane flame is characterized by an
injection temperature of 310 K, an equivalence ratio of
φ = 0.82 and a methane/air flow velocity = 0.97 m s−1 .
All gaseous mass flow rates are controlled by the mass
flow meters with an accuracy of ±1.5%. The particle
mass flow rate was measured by a balance with an accuracy of ±10%. We have performed an analysis of the
coal particles by spreading them on a surface and using
microscopic images of 100 samples. Over 57000 particles identified, the minimum and maximum diameters
found are respectively 3.4 µm and 98 µm. The measured
Sauter Mean Diameter (D32) is about 15 µm. The particle number density is about 4.54E10 particles/m3 .

4. Numerical approach

We consider a one-dimensional axisymmetric configuration. A methane-air mixture is injected conveying
mono-disperse pulverized coal particles. We model our
system by considering detailed chemistry and mixture
averaged multicomponent transport. The similarity approach is employed by searching for similar solutions of
both gaseous and solid phases balance equations in the
vicinity of the central axis.

3. Diagnostic techniques

The similarity analysis leads to solutions of the form:
ug = x Ug (y), vg = vg (y), T g = T g (y), ρg = ρg (y),
Yk = Yk (y), k = 1, ..., K, u s = x U s (y), v s = v s (y),
T s = T s (y), ρ s = ρ s (y), α s = α s (y), and Y sdry = Y sdry (y).
The superscript g represents gaseous phase and the superscript s the solid phase. ρ is density, u and v the radial
and axial velocities respectively, T temperature. Yk is kth
species masse fraction, α s particles volume fraction, and
Y sdry dry coal mass fraction. Ug and U s respectively describe the y-dependence of the transverse velocities ug
and u s . Then the system of equations which describes
the flow conservation may be cast in the following form:

We have performed planar laser induced fluorescence
PLIF measurements of OH radical. The planar laser
sheet, of dimension 30 × 0.5 mm2 , is aligned with
the jet axis and includes the flame reaction zone. The
OH radical is excited with a dye laser CONTINUUM
(Rhodamine 590) pumped by a Nd:YAG laser CONTINUUM (800 mJ @ 532 nm). The Q1 (6) OH transition of the Q”=0, Q’=1 band of the (A2 Σ, X 2 Π) system was excited at 282.549 nm with an energy of about
40 mJ. The fluorescence images were collected using a
PIMAX 3, 1024 × 1024 pixels ICCD camera (Priceton
Instruments) equipped with UV lens Nikkor 105 mm
focal length f/4.5. In this case, the camera gate exposure was kept constant to 20 ns. This allows the CCD to
drastically reduce the chemiluminescence signals. The
OH Narrow-band filter is centered at 313 nm, 10 − nm
bandpass and 68% transmission in the maximum. The
OH profiles were corrected with the laser sheet energy
profile on a single shot basis. An average over 200 OH
PLIF images was done.

∂ρg vg
∂ ρg
+ (1 + j)ρg Ug +
= Ṁ s
∂t
∂y
ρg
−

∂ Yk
∂ Yk
+ ρg vg
=
∂t
∂y


∂
ρg Yk Vky + Wk ω̇k + Ṁ s (γ s k − Yk ) ,
∂y

k = 1, . . . , K

∂ Ug
∂ug
ρg
+ ρg Ug2 + ρg vg
=
∂t
∂y
∂  ∂Ug 
J +
µg
+ Ṁ s ( U s − Ug ) − n F x
∂y
∂y

∗

Direct view images of CH spontaneous emission have
also been recorded using the same camera and optics
used for the PLIF. Narrow-band interference filters were
interposed along the optical path for capturing the CH∗
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∂y
∂y
∂y k=1

Ṁ s
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X
(γ s k hk (T s ) − Yk hk (T g )) − n q̇ − q̇R

The pressure is equal to one atmosphere. We have employed the chemical scheme due to Lindstedt [17] .
4.1. Solid phase source terms

(4)

k=1

αs ρs

∂ ρs
∂ ρs
αs
+ αs vs
= − Ṁ s
∂t
∂y

(5)

∂ αs
∂ ( αs vs )
+ (1 + j)α s U s +
= 0
∂t
∂y

(6)

We use the model developed in [14, 18, 19]. The coal
particle is considered dry and ash-free. We consider
only the transformation of solid phase to gaseous phase,
i.e. the process of pyrolysis and the surface oxidation of
char:

∂ Y sdry
∂ Y sdry
+ αs ρs vs
= − ω̇ s pyr + Y sdry Ṁ s (7)
∂t
∂y

Dry coal =⇒ (1 − νchar ) Pyr + νchar Char
Char =⇒ (1 + νO2 ) CO2

(11)
(12)

∂ Us
∂ Us
αs ρs
+ α s ρ s U s2 + α s ρ s v s
= n fx
∂t
∂y

(8)

Pyr represents volatile gases CH4 , H2 O, CO, and CO2 .

∂ vs
∂v s
+ αs ρs vs
= α s ρ s g + n fy
∂t
∂y

(9)

The total mass volatilization rate of particles is given
by:
Ṁ s = (1 − νchar ) ω̇ s pyr + ω̇ schar
(13)

αs ρs

α s ρ s C ps

∂ Ts
∂ Ts
+ α s ρ s v s C ps
=
∂t
∂y

− ω̇ s pyr hcoal − ω̇ schar hchar −

K
X

where ω̇ s pyr and ω̇ schar are expressed as followed:
!


−E pyr
ω̇ s pyr = α s ρ s Y sdry k pyr exp
RT s

γ s k hk (T s ) Ṁ s + n q̇ (10)

k=1

Assuming a constant radial pressure-gradient, J describes J = − 1x ∂p
∂x , and is considered constant along the
axial coordinate: ∂J
∂y = 0.

ω̇ schar = (α s σ s )XO2 P0

Kc Kd
Kc + Kd

(14)
(15)

Kc and Kd are modeled as in [14].

In these equations n represents the particle number density given by n = α s /v p , with v p the volume of a single
particle. The mass of a particle, m s , can be obtained
by m s = ρv p . Ṁ s is the total mass volatilization rate
of particles, Ṁ s = nṁ s . Vky is the kth species diffusion
velocity modeled by using mixture averaged multicomponent transport. γ s k is the kth species percentage of the
total volatilization rate. ω̇k and Wk are the kth species
molar production rate and molar mass respectively. ω̇ s pyr
and ω̇ schar represent production rate of coal and char respectively. F x is the reduced radial component of the
drag (F x = f x /x). q̇ is the heat transfer rate between the
gaseous and solid phases involving convective and radiation. q̇R is radiative heat transfer from the gaseous
phase to the exterior using model as in [16] including
reabsorption by species such as CO2 and H2 O.

5. Results and discussions
Figure 3 compares OH PLIF image of coal/methane/air
flame (top) with a pure methane/air flame (bottom). The
methane/air flame front is located at about 2 mm from
the wall and is symmetrical around the jet axis. The
coal particles cross the methane flame front and enter
into the hot region close to the wall where they continue
burning.
Figure 4 presents a typical coal/methane/air flame structure. In this figures y = 0 corresponds to the upper
burner. The coal/methane/air mixture is injected from
the left, its initial temperature is 310 K, and the injection
velocity is 0.97 m/s. The methane/air mixture equivalence ratio is φ = 0.82. The top figure gives the coal
main profiles while the bottom figure gives the temperature and major species profiles. The top figure gives
the coal and gas temperature profiles. The second figure
from the top gives CO and CO2 profiles. The third figure
corresponds to the particle density and Y scry . The particle density is normalized by its initial value ρ s0 = 909

The particles average velocity matches the gas velocity
at the injector exit. The initial particle diameter is D0s =
15 µm and the particle number density (per unit volume)
is n s = 4.54E10 particles per m3 . The particles volume
fraction is 8E-5. The particle initial properties used for
the simulations are: specific mass ρ s = 909 kg/m3 , and
the constant pressure heat capacity c ps = 2.0 kJ/(kgK).
4

Figure 3: OH PLIF: Comparison between tcoal/methane/air flame
(top) and methane/air flame (bottom)

kg/m3 . The fourth figure represents the variation of the
particle volume fraction alpa s . The coal volume fraction α s slightly decreases and then rapidly diminishes at
the flame front.
Figure 5 gives a comparison between experimental profiles of the OH radical obtained by PLIF and numerical
result. These profiles correspond to the burner central
axis. The distances are given from the upper burner
injector. The OH measurements are only qualitative,
therefore the profiles were normalized by the maximum
numerical value of this radical. The global structures of
the numerical and experimental results are very close.
However, OH is slightly under estimated by the simulation in the hot zone between the two flame fronts.

Figure 4: Coal/methane/air flame structure

6. Conclusions

Figure 6 gives a comparison between experimental CH∗
emission intensity and numerical mole fraction profiles
across the burner central axis. As the measurements do
not give absolute values, the experimental profiles are
normalized by the numerical maximum value. The experimental CH∗ is very close to the experimental profile
close the flame front. However, predictions are not in
well agreement with measurements in the hot region,
where coal pyrolysis and oxidation occurs. The origin
of the discrepancies may be due either to modeling assumptions or experimental artifacts. Indeed the radiation of coal particules may affect the spontaneous CH∗
emission. Further investigations are needed to clarify
this point.

Both experimental and numerical studies of
coal/methane/air mixture combustion in a strained
flow configuration have been presented. The retained
configuration is a reactive flow impinging a wall surface. The coal particles burn in the hot region confined
between the flame front and the stagnation plane. OH
PLIF and CH∗ chemiluminescence signals are measured
in the experiments. Reacting flow equations of gaseous
and solid phases have been developed and implemented
in the REGATH 1-D detailed chemistry flame solver.
Preliminary comparisons between experimental data
and numerical solutions are presented.
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