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Abstract 

A multiphase flamelet/progress variable (FPV) model for the large eddy simulation (LES) of gas-assisted 

pulverised coal combustion (PCC) is developed. The target of the simulation is the Darmstadt turbulent gas- 
assisted swirling solid fuel combustion chamber. The coal particles are treated as Lagrangian point particles, 
the position, momentum and energy of which are tracked. The gas phase is described by the low-Mach 

Navier-Stokes equations alongside the Eulerian transport equations of the governing variables for the FPV 

model. The set of chemical states of the PCC flame is pre-tabulated in a six-dimensional flamelet table and 

determined by the mixing of the primary fuel stream, volatiles and char off-gases with the oxidising air, the 
progress of chemical reactions, the interphase heat transfer, as well as sub-grid scale variations. A presumed β- 
PDF approach for the total mixture fraction is applied to capture sub-grid scale effects. The discrete ordinate 
method (DOM) with the weighted sum of grey gases model (WSGGM) is employed to model radiation. The 
FPV-LES results are validated against the experimental evidence and a good agreement of the predicted mean 

and RMS velocities, as well as the mean gas temperature between experiments and simulations is obtained. 
The contributions of the pilot, volatile and char off-gas fuel streams to the coal flame are analysed. It is 
found that most regions of the furnace are dominated by either pilot or volatile combustion, while char 
conversion only occurs in the far downstream and outer furnace regions. The pilot gas dominates the near- 
wall region inside the quarl, whereas the volatile gas mainly released from small particles dominates a first 
volatile combustion zone in the interior of the internal recirculation zone. Larger particles heat up more 
slowly and release their volatile content further downstream, leading to a secondary volatile combustion 

zone. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Pulverised coal combustion (PCC) is still a ma-
or source of primary energy and among the most
idespread technologies for generating electrical
aseload power. Therefore, the emission of pollu-
ants and greenhouse gases from PCC continues
o drive major research efforts to gain deeper in-
ight in its underlying chemical and physical pro-
esses with the aim of mitigating pollution and
limate change. The four major thermo-physical
tages of PCC are heat-up and drying of the parti-
les in a hot environment by convection and radia-
ion, devolatilisation of the light gases initially em-
edded inside the particles, homogeneous gas com-
ustion and heterogeneous char conversion. These
rocesses primarily occur in consecutive order, but
verlaps may exist and require appropriate mod-
lling. 

Direct numerical simulation (DNS) studies have
een conducted for fully-resolved single particles

1,2] and small particle clusters [2,3] . Two recent ex-
mples extended the studies to large particle clouds
y means of carrier-phase DNS [4,5] . Nevertheless,
he DNS of industrially-relevant applications re-
ains unfeasible at present, due to the large-scale

eometries, the wide range of turbulent scales, the
normous number of solid fuel particles, complex
nterphase coupling processes and the costly ho-

ogeneous and heterogeneous chemistry in PCC.
 reasonable trade-off between computational cost

nd accuracy is the large eddy simulation (LES) ap-
roach for the gas phase coupled with Lagrangian
racking of the fuel particles, which has been ap-
lied in several recent studies on laboratory-scale
nd semi-industrial coal burners [6–9] . An estab-
ished combustion modelling approach with lim-
ted cost is the tabulated flamelet model that has
een widely employed for single phase combustion

n the past. An improvement of the flamelet model
s provided by the flamelet/progress variable (FPV)
pproach [10] , which is advantageous for captur-
ng the flame dynamics. Watanabe et al. [11] de-
ised FPV for solid fuel combustion with the in-
roduction of two mixture fractions for the mix-
ng of the volatiles and char off-gases with air,
ith later applications by Rieth et al. [12] and Wen

t al. [13] to solid fuel flames in a turbulent mix-
ng layer. The applicability of FPV-LES to labo-
atory and semi-industrial scale PCC burners has
een demonstrated e.g. by Watanabe et al. [14] and
ieth et al. [6] . For gas-assisted PCC, as considered

n the present study, Wen et al. [15] reported that a
hird mixture fraction is needed to characterise the
aseous pilot fuel. Knappstein et al. [7] and Nico-
ai et al. [9] avoided the third mixture fraction by
ssuming the volatile composition to correspond
o the one of the pilot fuel. However, to consider
 more typical volatile composition, a third mix-
ure fraction is inevitable. Wen et al. [16] demon-
strated first reasonable FPV-LES results for gas-
assisted coal combustion using three mixture
fractions. 

The gas-assisted coal flame considered in the
present study is the turbulent swirl flame experi-
mentally studied at TU Darmstadt. Previous nu-
merical predictions of this combustion chamber
were reported in [7,9,16] and based on the earlier
operating conditions of Becker et al. [17] . Recently,
updated operating conditions and new measure-
ments have been reported by Schneider et al. [18] ,
Meißner et al. [19] and Emmert et al. [20] , provid-
ing an extensive experimental database for the sim-
ulations in this work. The objectives of the present
study are 

• To accurately model the combustion in
swirling gas-assisted coal flames 

• To validate the predictions against state-of-
the-art measurements 

• To characterise the contributions of the pi-
lot, volatile and char off-gas streams to the
flame 

and our progress towards these aims is discussed in
the following sections. 

2. Modelling approach 

2.1. Gas phase 

The gas phase is described by the filtered trans-
port equations of total mass, momentum and the
FPV control variables. The control variables are
the reaction progress variable Y C , total enthalpy
H (sens. + chem.) and three mixture fractions Z α ,
where α denotes the fuel streams originating from
the coal volatiles ( α = vol ) and char off-gases ( α =
cog ). Moreover, in the context of gas-assisted coal
flames, a third mixture fraction ( α = pil ) is required
to describe the mixing of the pilot fuel with air.
The sub-grid viscosity is closed by the Smagorin-
sky approach [21] . The assumption Le = 1 is
invoked and the turbulent mass/heat diffusivities
are obtained from turbulent Schmidt/Prandtl num-
bers set to 0.7 [9] . The reaction progress variable
is defined as Y C = Y CO 

+ Y CO 2 + Y H 2 O 

+ Y H 2 [22–
24] . The progress variable source term is retrieved
from the flamelet look-up table. Thermal radia-
tion is considered as a source term in the enthalpy
transport equation. Radiative heat transfer is mod-
elled by the discrete ordinate method (DOM) using
80 directions, where the absorption/emission coef-
ficients are calculated with the weighted-sum-of-
grey-gases model (WSGGM) and the coefficients
from [25] . Isotropic scattering by the particles is
considered to be dominant, while gas phase scat-
tering is neglected. The gas phase is coupled to the
Lagrangian particles via interphase transfer terms
[4] . 
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Fig. 1. Selected data from the six-dimensional flamelet ta- 
ble with temperature vs. Z for various enthalpy levels. The 
input parameters have been selected to refer to either pure 
pilot or volatile fuel. The vertical dashed-dotted lines indi- 
cate the corresponding stoichiometric mixture fractions. 
(For interpretation of the references to colour in this fig- 
ure legend, the reader is referred to the web version of this 
article.) 
2.2. Solid phase 

The solid particles are described within the La-
grangian framework. Their interaction with the gas
phase is characterised by the transfer of mass from
devolatilisation and char conversion, momentum
from drag, gravity and sub-grid dispersion, and en-
ergy through convective and radiative heat transfer,
as well as the heats of devolatilisation and char con-
version. The solid phase governing equations read 

dm p 

dt 
= −(

˙ m p, devol + ˙ m p, char 
)

(1)

d u p 
dt 

= ̃

 u − u p 
τp 

+ 

(
1 . 0 − ρ̄

ρp 

)
g + 

d u p, sgs 

dt 
(2)

dT p 

dt 
= 

6 Nu · c p ̄μ
Pr · c p,p ρp d 2 p 

(T − T p ) + 

ε p A p σ

m p c p,p 

(
�4 

r − T 

4 
p 

)

+ 

˙ Q devol 

m p c p,p 
+ 

˙ Q char 

m p c p,p 
, (3)

where ρp , d p , c p,p , A p are the density, diam-
eter, heat capacity, and projected area of the
particle, with otherwise standard nomenclature.
The particle response time is calculated as τp =
ρp d 2 p 
18 μ (1 + 0 . 15 Re 2 / 3 p ) 

−1 
. The particle Reynolds num-

ber is calculated as Re p = ρ| ∼u −u p | d p μ
and the

Nusselt number as Nu = 2 + 0 . 552 Re 1 / 2 p Pr 1 / 3 . The

term 

d u p, sgs 
dt refers to sub-grid particle dispersion ac-

cording to the model by Bini and Jones [26] . The
particle emissivity ε p linearly reduces from 0.9 to
0.5 during char burnout [4] . The Eulerian radiation
temperature �r is retrieved from the DOM [27,28] .
Devolatilisation is described by a competing two-
step model with coefficients fitted to the Rhenish
lignite coal [18] from the experiments. Darmstadt’s
Pyrolysis Kinetics Preprocessor (PKP) is employed
for fitting, with a multi-step heterogeneous mech-
anism of PoliMi [29] for a range of heating rates
extracted from the simulations of Nicolai et al. [9] .
It is assumed that char entirely consists of carbon
such that the char off-gases are solely composed
of CO and N 2 . During devolatilisation, the par-
ticle diameter is assumed to remain constant and
the density of the particle reduces, whereas con-
stant density and shrinking particle diameter are
assumed during char conversion. To consider the
effect of devolatilisation in the momentum and en-
ergy equations of the particle, a blowing correction
is applied. The particle heat capacity, two-step de-
volatilisation model, char conversion and blowing
correction model are similar to [4] . 

2.3. Combustion modelling 

The chemistry tables are generated with the
flamelet solver pyFLUT coupled with Cantera
[30] to solve the 1D governing equations of con- 
tinuity, radial momentum, energy, and species for 
counterflow diffusion flames. Similar to Wen et al. 
[15] we employ a three mixture fraction system 

based on the total mixture fraction Z

Z = Z pil + Z vol + Z cog (4) 

and two mixing ratios [31] 

A = 

Z cog 

Z vol + Z cog + ε
, B = 

Z vol + Z cog 

Z vol + Z cog + Z pil + ε

(5) 

where ε represents a small positive number. To 

consider heat exchange between the gas and solid 

phase, flamelet tables with various enthalpy lev- 
els are generated, accounting for the minimum 

and maximum enthalpy of the fuel and oxidiser. 
A normalisation method is employed to the to- 
tal enthalpy and reaction progress variable to sim- 
plify flamelet tabulation [32] , leading to normalised 

quantities H norm 

and C norm 

ranging from zero to 

one. Turbulence-chemistry interactions are consid- 
ered via integration of a β-PDF for the filtered to- 
tal mixture fraction ̃

 Z and its subgrid variance ̃  Z 

′′ 2 , 
with the latter obtained algebraically [33] . Homo- 
geneous chemistry is described by the CRECK52 
mechanism consisting of 52 species and 452 reac- 
tions [2] . The flamelet table is parameterised via 

 = � (A, B, ̃  Z , ̃  Z 

′′ 2 , ̃  H norm 

, ̃  C norm 

) with dimensions 
6 × 6 × 101 × 11 × 11 × 101 , resulting in a total 
size of 25 GB. For efficient parallel computing, a 
memory abstraction layer (MAL) [34] is employed. 

A selected section of the flamelet table is visu- 
alised in Fig. 1 . The input parameters have been se- 
lected to refer to the (pure) pilot and volatile fuel 
streams as an example. The stoichiometric mixture 
fractions of the fuels in air are shown as Z pil , st = 

0 . 055 and Z vol , st = 0 . 167 . For the selected values 
of C norm 

= 1 and Z var = 0 Fig. 1 shows pure pilot 
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Fig. 2. Geometry and inlet/outlet streams of the TUD 

burner. Left: Experiment [18] , right: Computational do- 
main. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version 
of this article.) 

Table 1 
Volume flows and particle load of the investigated oper- 
ating condition. Primary (I), secondary (II) and tertiary 
inlet flow (III). Units [m 

3 /h] for gas and [kg/h] for parti- 
cles. 

I Methane 2.01 II Straight Oxid. 0 
I Particles 3.36 II Inclined Oxid. 11.09 
I Oxidiser 12.1 III Oxidiser 24.02 
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HLRS Hawk . 
nd volatile fuel combustion for three levels of nor-
alised enthalpy H norm 

, with the latter controlling
he flamelet boundary temperature. 

. Experimental and numerical setup 

The experimental configuration is the swirling
as-assisted solid fuel combustion chamber of TU
armstadt [7,16,17] . The experimental geometry

nd computational domain are shown in Fig. 2 .
he combustion chamber has a cross-section of 
20 × 420 mm 

2 and a height of 600 mm. Vari-
us fuels and oxidisers may enter the chamber via
hree inlet streams, namely the primary (I), sec-
ndary (II) and tertiary flow (III), where a split

nto straight and inclined inlet channels allows for
 variation of swirl in the secondary flow. Here, we
onsider coal combustion with air using the injec-
ion rates given in Tab. 1 , which follows the exper-
ments [18–20] . Coal particles are injected in a rich

ixture of methane and air, which serves as a pilot
tream to ignite the particles. The secondary flow
rovides swirling air as oxidiser, while additional air

s injected via the tertiary flow to support complete
ombustion. The contribution of coal and methane
o the total thermal input is 50% each, with the sta-
ility limit lying at 40–45% methane. Products leave
he chamber through an annular orifice at the bot-
om of the chamber. The surrounding walls of the
urner quarl and combustion chamber consist of 
uartz glass for optical access. Small solid coal par-
ticles are used as tracers to determine the gas veloc-
ity by PIV [18] . The gas temperature is measured by
vibrational O 2 -CARS and tomographic absorption
spectroscopy (TAS) [20] . 

The computational mesh is generated with snap-
pyHexMesh and contains a total of 3,843,172 hexa-
hedral and split-hexahedral cells, ranging from �x i ≈ 1 mm (within the quarl) to 4 mm (downstream).
Two thin layers of cells increase the near-wall reso-
lution. A uniform velocity profile is assumed for the
inlet patches, matching the experimental mass flow
rates from Tab. 1 . The inlet boundary conditions for
the flamelet control variables are Z pil = 0 . 08456 ,
Z vol = Z cog = Y C = 0 . 0 and H = −376 , 008 J/kg
( T = 314 K) for the primary stream. The (cold) pi-
lot mixture is ignited by temporarily adding an ar-
tificial source term for the reaction progress vari-
able in the quarl region, which is removed after
250 ms. At the remaining inlet patches all Z α and
 C are zero, and the enthalpy is set to reflect air

at 314 K. An a priori calculation of the two-phase
flow and heat transfer upstream of the inlet patches
of the simulation domain has been conducted to
determine the inlet gas temperature T g = 314 K
and particle conditions for the computational do-
main. A no-slip wall boundary condition is em-
ployed at the lateral boundaries and wall temper-
atures correspond to the experiments [19] . The ra-
diative emissivity of the quartz walls is set to ε w =
0 . 7 . Rhenish lignite is considered, with its prox-
imate and ultimate analysis given in [18] . After
Q-factor adjustment the initial coal composition
becomes Y ash = 0 . 0552 , Y VM 

= 0 . 553 and Y FC =
0 . 3918 . The volatile composition corresponds to
the one of Wen et al. [16] , apart from removing
H 2 S and NH 3 from the volatiles and adding their
mass to the ash. The volatile composition is Y CH 4 =
0 . 086 , Y C 2 H 4 = 0 . 039 , Y C 6 H 6 = 0 . 152 , Y CO 

= 0 . 252 ,
 CO 2 = 0 . 282 , Y H 2 = 0 . 01 and Y H 2 O 

= 0 . 179 . The
size distribution of the injected coal particles fol-
lows ref[7] . 

The simulations are performed with a low-Mach
reactive multiphase solver based on OpenFOAM-
v2006. Second-order central differencing is used for
spatial discretisation, while a total variation dimin-
ishing (TVD) limiter (denoted as limitedLinear in
OpenFOAM) is employed for convection. Limiters
were adopted to obtain bounded scalars and for
enhanced simulation stability. Time integration is
performed with a backward differencing scheme. A
variable time-step of �t ≈ 5e −6 s is chosen, corre-
sponding to CFL ≈ 0 . 3 . The simulations are first
run for single-phase reacting conditions, i.e. with-
out coal particles. Subsequently particles are in-
jected and temporal statistics are started when the
particle ensemble in the upstream furnace reaches a
steady state (after 2 s). Computations are run for a
total physical time of 3.5 s, resulting in 265K sta-
tistical samples. A typical FPV-LES run requires
≈150,000 CPUh using 512 AMD-7742 cores on
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Fig. 3. Comparison of the mean (left-half) and RMS 
(right-half) axial and radial gas velocity profiles between 
experiment and simulation inside the quarl. 

Fig. 4. Comparison of the mean (left-half) and RMS 
(right-half) axial and radial gas velocity profiles between 
experiment and simulation downstream of the quarl. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Comparison of the mean gas phase temperature 
profiles between experiment and simulation at selected 
downstream positions. Regular TAS (Exp-1, blue) and 
TAS overlaid with fluctuation model (Exp-2, green) [20] . 
(For interpretation of the references to colour in this fig- 
ure legend, the reader is referred to the web version of this 
article.) 
4. Results and discussion 

4.1. Numerical validation 

A first validation of the simulation results can
be obtained by comparing the predicted mean and
RMS gas velocities to the experimental data in
Figs. 3 and 4 . At z = 0 . 04 m in Fig. 3 , i.e. just down-
stream of the primary and secondary inlets to the
burner quarl, the two inlet streams can clearly be
identified by the negative peaks of axial velocity
(which is defined negatively in the positive down-
stream direction [17] ). Conversely, the positive ax-
ial velocities observed in the centre of the domain
and between the two inlets indicate the inner re-
circulation zone, as well as a small annular recir- 
culation zone that leads to the formation of the 
side flame (discussed later in Fig. 6 (a)). At z = 

0 . 04 m the agreement of the mean velocity predic- 
tions and experiments is good, with a slight under- 
prediction of the velocity peaks in the simulation. 
The quality of agreement between the simulations 
and the experiments remains good when moving to 

the downstream measurement locations z = 0 . 03 ... 
−0 . 09 m, with somewhat narrower profiles of the 
predicted mean velocity at intermediate positions 
z = 0 . 02 and −0 . 01 m, and a better correspondence 
again further downstream. Similarly, the predic- 
tions of the mean radial velocity profiles are very 
good throughout, with mild under-predictions of 
the peak values at z = 0 . 03 ... 0.02 m. The com- 
parison of the RMS profiles of the axial and ra- 
dial gas velocities shows that the level of turbulent 
fluctuations is generally captured well by the simu- 
lations, with minor discrepancies for larger values 
of | x | . The predicted RMS is somewhat lower than 

the measured one, which is partially attributed to 

the fact that only the resolved part of the veloc- 
ity RMS from the LES is compared to the mea- 
surements. Larger discrepancies can be observed 

for the RMS of the radial gas velocity at z = −0 . 01 
and −0 . 05 m for | x | < 0 . 05 m. In these regions 
volatile gases are released from small particles and 

a strong momentum exchange with large particles 
occurs, see Fig. 6 (b) later, which dampens the tur- 
bulent fluctuations in the gas phase. The discrep- 
ancy may be explained by the fact that the compar- 
ison shows predicted gas phase velocities vs. mea- 
sured velocities obtained from using the coal parti- 
cles as flow tracers and by minor asymmetries in 

the PIV measurements. However, given the com- 
plexity of the considered multiphase reacting flow, 
the overall agreement shown in Figs. 3 and 4 is 
good. 
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Fig. 6. Time-averaged contours in the central x − z plane of the combustion chamber with a zoom into the quarl region 
(with only small particles for clarity) in the top row. (a) axial velocity and temperature of the gas, (b) pilot and volatile 
mixture fraction with isolines Z pil , st (white) and Z vol , st (grey), (c) char off-gas mixture fraction and mass fraction of O 2 . 
An instantaneous snapshot of the coal particles is overlaid, where particles are scaled by diameter and coloured according 
to (a) temperature T p , (b) devolatilisation progress C dev and (c) char conversion progress C cog . (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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This finding is confirmed by the comparison
f the mean gas temperatures from simulations
nd experiments along the radial coordinate shown
t different downstream positions in Fig. 5 . The
verall agreement between the FPV-LES predic-
ions and the experimental evidence is good, with
he predicted temperature mostly lying well inside
he experimental scatter. The only exception is the
nder-prediction of the gas temperature near the
entreline at z = −0 . 03 and −0 . 05 m. A fuel com-
osition of ≈ 80% volatiles and ≈ 20% pilot fuel
an be found at these axial locations on the centre-
ine. As the peak temperature of the pilot flame is
lightly higher than the one of the volatile flame,
ee Fig. 1 , we attribute the under-prediction of the
ean temperature to a slight underestimation of 

he mixing between pilot and volatiles. As the pi-
ot fuel becomes more dominant at larger radii, the
emperature increases and matches the experiment
ery well, Fig. 5 . However, considering the uncer-
ainties of both the simulation approach and the ex-
periments for this complex multi-physics problem,
the joint agreement demonstrated in Figs. 3, 4 and
5 is overall satisfactory and the FPV-LES method-
ology captures both the flow field and flame posi-
tion accurately. 

4.2. Flame analysis 

After validating the modelling approach, a first
impression of the coal conversion process inside
the combustor can be obtained from Fig. 6 which
shows time-averaged contours of the principal
flame quantities that characterise the multiphase
fuel conversion process. The mean gas phase con-
tours are overlaid by instantaneous snapshots of 
the Lagrangian particles coloured by their tem-
perature T p , devolatilisation C dev and char conver-
sion C cog progress in Fig. 6 (a), (b) and (c) re-
spectively. C dev and C cog are defined to be 0/1 at
the beginning/end of the devolatilisation/char con-
version process. In Fig. 6 (a), it can be observed



T.D. Luu, A. Shamooni, O.T. Stein et al. / Proceedings of the Combustion Institute 39 (2023) 3249–3258 3255 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Time-averaged gas quantities in the central x − z 
plane. a) Temperature contours of the pilot-only flame 
(single phase, left half) and piloted coal flame (multiphase, 
right half), (b) flamelet input parameters A and B (multi- 
phase). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version 
of this article.) 
that in the quarl region the (unswirled) primary
and (swirled) secondary flow streams merge rapidly
and form a bell-shaped inner recirculation zone
mainly composed of hot combustion products.
From its injection location at z = 0 , x = ±0 . 195 m
the (unswirled) tertiary flow stream initially stays
close to the lateral walls of the combustion cham-
ber, developing a large external recirculation zone
(green colours on the left half of Fig. 6 (a)). The
right frame of Fig. 6 (a) shows that the highest gas
temperatures are located inside the burner quarl
and along the centreline of the combustion cham-
ber, with increasingly wider profiles of high tem-
perature with increasing downstream distance. Di-
rectly at the entrance of the quarl, between the pri-
mary and secondary streams, a side flame is es-
tablished, as was also discussed in an earlier study
of the same combustor [7] . While larger particles
( d p > 100 μm ) leave the burner quarl towards the
downstream region, most of the smaller particles
are entrained in the inner recirculation zone where
they heat up quickly and proceed with their con-
version process. Conversely, the large particles heat
up more slowly and are mainly converted in the
middle and downstream furnace. A comparison of 
gas temperature from Fig. 6 (a) with the pilot and
volatile mass fractions in Fig. 6 (b) shows that the
flame is located in regions of large gradients of Z pil
in the upstream and of Z vol in the middle and down-
stream regions. The pilot flame dominates the in-
ner recirculation zone, the outside of which fea-
tures stoichiometric regions of Z pil (white line).
The small coal particles are heated up by the pi-
lot flame and hot combustion products, releasing
their volatiles as indicated by their high values of 
 dev . However, only a limited mass of volatiles is

released in the quarl, as indicated by the small re-
gion of Z vol , st (grey line), due to the large particles
mainly escaping the inner recirculation zone with-
out significant levels of devolatilisation progress.
The higher thermal inertia of the large particles
leads to a slower increase of C dev and, therefore,
a later release of volatile matter, indicated by the
regions with increased values of Z vol in the main
furnace from z = −0 . 15 ... −0 . 4 m. However, in
regions where large particles start their conversion
process the mean values of Z vol show that the sto-
ichiometric value is not reached, while instanta-
neous snapshots of Z vol (not shown for brevity) re-
veal that locally around individual coal particles,
although values of Z vol > Z vol , st are reached, only
small local volatile flames are stabilised. The left
side of Fig. 6 (c) shows the mixture fraction of 
the char off-gases. No char conversion can be ob-
served in the quarl region and regions near the cen-
treline, as indicated by both Z cog and C cog . This can
be explained by the absence of oxygen in these re-
gions, which has been fully consumed by the com-
bustion of the pilot fuel and coal volatiles, see right
side of Fig. 6 (c). However, significant levels of 

char conversion can be observed at the bottom of 
the combustion chamber. Here, particles are clus- 
tered and due to the sufficient amount of oxygen, 
provided from the tertiary stream, char conversion 

proceeds. 
The flame is now analysed in terms of the contri- 

butions of the various fuel streams to combustion. 
As was observed in Fig. 6 (c) char conversion only 
occurs in the downstream and outer regions of the 
furnace, whereas the inner and upstream zones are 
dominated by the pilot and volatile streams. There- 
fore, the present paragraph focuses on the charac- 
teristics of the pilot and volatile flame. Fig. 7 (a) 
compares the mean gas temperature from the coal 
flame (multiphase, right half) to an auxiliary sim- 
ulation of a pilot-only flame without coal parti- 
cles (single phase, left half). Lower temperatures 
can be observed in the internal recirculation zone 
of the coal flame when compared to the pilot-only 
flame, which is attributed to the coal particles and 

volatile gases absorbing heat from the surround- 
ing gas phase. Different visual flame lengths can be 
seen in Fig. 7 (a), where the pilot-only flame reaches 
z = −0 . 25 m and the coal flame z = −0 . 4 m. The 
peak temperature for both flames is similar, which 

is reasonable due to the tabulated temperatures 
shown in Fig. 1 . A clear differentiation of the con- 
tributions of the pilot and volatile fuel to the coal 
flame can be obtained from the flamelet input pa- 
rameters A and B, the temporal means of which 

are shown in Fig. 7 (b). In the absence of char 
conversion in the upper furnace A and B from 

Eq. (5) can be used to uniquely identify a pilot-only 
flame by A = B = 0 , whereas A = 0 , B = 1 indi- 
cates are pure volatile flame. A flame from mixed 

pilot and volatile fuel is obtained for A = 0 and 
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Fig. 8. Scatterplot of particle devolatilisation progress 
C dev vs. z -coordinate coloured by the particle diameter. 
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 < B < 1 . In Fig. 7 (b), the mixing ratio A at-
ains values of zero in the upstream and central
art of the furnace, confirming the presence of pi-

ot and/or volatile fuel and the absence of char con-
ersion in these regions. The mixing ratio B illus-
rates two major flame zones where A is zero, with
he blue regions for B indicating the pilot as the
ain fuel source, whereas red colours for B refer to

olatile fuel. The pilot fuel dominates the outside of 
he internal swirl-stabilised recirculation zone and
he external recirculation zone. The volatile fuel
ominates the interior of the internal recirculation
one up to z = −0 . 05 m and a secondary down-
tream volatile combustion zone spanning from z =
0 . 1 . . . − 0 . 6 m with increasingly wider profiles
ith increasing downstream distance. Hence, in the
ean, volatile combustion proceeds in a small up-

tream region inside the quarl where mainly fuel
rom the smallest particles is consumed, and in a
econdary volatile combustion zone in the centre
f the downstream furnace, where the volatile fuel
rom the larger particles is burnt. This is confirmed
n Fig. 8 which shows a scatter plot of the particle
evolatilisation progress C dev vs. the downstream
 -coordinate coloured by the particle diameter. It
an be observed that the majority of small parti-
les completes its devolatilisation progress in the
pstream recirculation region, whereas most large
articles only reach C dev = 1 in the downstream
urnace, resulting in the two separated zones of 
olatile combustion. 

. Conclusions 

In the present work a comprehensive model
or the turbulent combustion of piloted pulverised
olid fuels, namely a six-dimensional multiphase
PV-LES approach, is proposed and validated.
he modelling approach is applied to predict a

wirl-stabilised piloted coal flame in the TU Darm-
tadt solid fuel combustion chamber. The simula-
ion results are validated against the experimental
vidence and radial profiles of the mean and RMS
gas velocities, as well as the mean gas temperature
show a good accordance between experiments and
simulations. When analysing the contributions of 
the pilot, volatile and char off-gas fuel streams to
the coal flame, it is found that the pilot gas mainly
dominates the area near the wall inside the quarl
and the external recirculation zone. Two separate
zones of volatile combustion are identified. A small
upstream region in the interior of the inner recir-
culation zone that is mainly fuelled by recirculating
small particles and a secondary volatile flame re-
gion in the centre of the downstream furnace that
is dominated by the larger coal particles. Char con-
version is negligible where pilot and volatile fuel
dominates, but char combustion occurs near the
bottom of the combustion chamber and at larger
radii. 
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