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Abstract In this work a recently presented combustion chamber that is specifically
designed for the investigation of gas-assisted coal combustion and the validation of models
is simulated under reactive conditions for the first time. In the configuration coal combus-
tion is assisted and stabilized by a methane flame. In the course of the investigation, the
configuration’s complexity is increased successively. Results of the isothermal single-phase
flow are discussed first. Subsequently, reproducibility of the single-phase methane flame by
means of the applied modeling approach is evaluated. In a further step, coal particles having
the same thermal power as the methane flame are injected into the configuration. Particle
histories, the conversion of the coal particles as well as its retroactive effect on the gas phase
are investigated. Experimental results based on laser diagnostics are provided for all operat-
ing points and used for comparison with numerical results. Gas phase velocity fields for all
operating points are available. In order to identify the reaction in the reactive single-phase
case planar laser induced fluorescence of the OH-radical (OH-PLIF) was applied. Overall
good agreement between numerical and experimental results could be obtained. In the Large
Eddy Simulation (LES) a Flamelet Generated Manifold (FGM) based model is utilized. The
four-dimensional manifold is spanned by two mixture fractions, a reaction progress variable
and the enthalpy on which the gas phase chemistry gets mapped onto. Thereby, the model
accounts for both, volatiles reaction and char conversion. Furthermore, finite rate chemistry
effects as well as non-adiabatic physics are considered.
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1 Introduction

The combustion of pulverized coal contributes to a large part to the consumption of pri-
mary energy sources worldwide [1]. In order to meet targeted reduction of carbon dioxide
emissions, the effective usage of this fuel is mandatory. Therefore, knowledge about its
combustion process must be obtained. Particularly, the fuel burnout degree and heat release
are important information to judge about a combustion system’s technical effectiveness but
also about its economic efficiency. As a further example, the formation of nitrogen oxides
depends on the flame structure and stoichiometric conditions. In order to reduce their for-
mation and hence, the environmental impact, insight into the mechanisms in combustion
chambers must be gained. In this regard, the application of transient combustion simula-
tion techniques such as Large Eddy Simulations (LES) becomes increasingly important.
Laboratory-scale coal configurations are often investigated to obtain a deepened understand-
ing of the coal combustion process and to validate coal combustion models. Coal burners
of this scale usually feature a gas flame that assists and stabilizes the combustion of the
coal particles. For instance, the gas-assisted coal jet flame of the Japanese Central Research
Institute of Electric Power Industry (CRIEPI) is a widely examined reference test case in
this regard. This burner was fully characterized by means of optical diagnostics in [2]. In
particular, particle velocities and temperatures in the flame were recorded simultaneously to
the planar laser induced fluorescence signal of the OH-radical (OH-PLIF) and the Mie scat-
tering signal of the coal particles. One of this work’s aims was to provide a comprehensive
data basis for the validation of numerical simulations. Numerous modeling approaches were
evaluated using this configuration (e.g., [3–6]). Furthermore, a comparative study between
three different Computational Fluid Dynamics (CFD) codes was carried out at this burner in
order to identify differences in the prediction accuracy [7]. Rieth et al. [8] evaluated a mul-
tiple mixture fraction flamelet based model. Herein, the model was coupled with a detailed
treatment of the particle chemistry for the first time. The same configuration was also
investigated in [9] who conducted a state-of-the-art Direct Numerical Simulation (DNS).
Generally, the LES technique has established in recent years as it is capable of accounting
for transient phenomena. Also, as a result of growing computing capacities LES became
more and more affordable even for the simulation of semi-industrial combustion chambers.
The applicability of LES to such large configurations was demonstrated by Olenik et al.
[10], Rabaçal et al. [11] as well as Rieth et al. [12, 13].

Combustion modeling based on flamelets is already well established in the context of
pure gas phase combustion. Recently, flamelet models were also applied to coal being a
more complex fuel. In the work of Watanabe et al. [14] an approach was proposed, which
employs two different mixture fractions to account for the varying fuel composition evoked
by the volatiles release and the char conversion. Later on, this concept was further extended
by a third mixture fraction additionally considering moisture that is released from the par-
ticle [15]. A flamelet model with two mixture fractions was also proposed by Rieth et al.
[8, 12, 13]. Depending on whether the simulated configuration is a gas assisted or a self-
preserving coal flame the second mixture fraction accounts either for the gaseous fuel [8] or
the char burnout products [12, 13], whereas the first one represents the volatiles. Contribu-
tions with regards to particular aspects of flamelet modeling in coal combustion were made
by Wen et al. [16–19] as well as Messig et al. [20]. Resolved particle simulations were per-
formed by Vascellari et al. [21, 22] as well as Xu et al. [23], who applied and compared
flamelet based models with results obtained by resolved chemistry simulations.

In order to obtain extensive insights into gas-assisted coal combustion, a new laboratory-
scale combustion chamber was recently designed. Due to the well defined boundary
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conditions and the good optical accessibility that allows for the application of advanced laser
diagnostic methods, this configuration is well suited for the investigation of gas-assisted
coal combustion and combustion model validation. The burner’s geometry featuring a swirl
nozzle and a quarl is thereby very similar to a facility designed for oxycoal combustion.
Investigations regarding the latter can be found in e.g., [24–29]. An experimental study
of single-phase combustion within the new configuration was conducted by Becker et al.
[30]. Therein, an analysis of the flow field and the flame is conducted. Up to now only the
non-reacting flow was numerically investigated by Doost et al. [31]. The authors analyzed
residence times of tracers and statistical moments of the flow for a characterization of the
configuration. In the present work this coal combustion chamber is simulated under reac-
tive conditions and numerically investigated for the first time. The computations will be
conducted with an LES approach where the chemistry is treated by means of Flamelet Gen-
erated Manifold (FGM) tabulation accounting for the volatiles combustion as well as the
char burnout. The coal particles are treated by a Lagrangian tracking. This rather macro-
scopic level of modeling also determines the scope of this work. It enables the simulation
of full configurations while it cannot contribute to an in-depth understanding of the small
scale processes at the coal particle. Accordingly, contrary to the works that consider the
detailed chemical processes of individual particles (e.g., [22, 32]) it is the purpose here to
assess the performance of an overall LES approach in predicting a full scale configuration.
Therefore, to judge on the individual modeling components, the configuration’s complex-
ity is increased successively from single-phase non-reactive over single-phase reactive to
two-phase reactive conditions.

The outline is as follows: In Section 2, the numerical methods and the main aspects of the
applied modeling approach are outlined. The experimental configuration and its numerical
setup are explained in Section 3. Subsequently (Section 4), simulation results are discussed
and compared with experimental results, whereby measurement data of the two-phase flow
velocity field are used. In Section 5, the main findings are summarized. A final conclusion
is given.

2 Theoretical Background and Modeling

Simulations are conducted with the academic CFD-code FASTEST. It is a 3D finite vol-
ume code, which uses block-structured, boundary-fitted meshes with hexahedral cells to
represent complex geometries. The spatial discretization of the velocity is based on a multi-
dimensional Taylor series expansion with second order accuracy [33]. The TVD-limiter
proposed by Zhou et al. [34] ensures boundedness of scalar quantities. Temporal integration
of the transport equations is done by using an explicit, three-stage Runge-Kutta scheme of
second order. The incompressible, variable density Navier-Stokes equations
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are solved, where continuity is satisfied by solving a pressure correction equation within
each Runge-Kutta stage. The solver is based on an ILU matrix decomposition and uses the
strongly implicit procedure suggested by Stone [35]. Within the LES the subgrid fluxes of
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momentum are accounted for by the eddy viscosity approach proposed by Smagorinsky
[36] where the model coefficient is obtained by the dynamic procedure of Germano et al.
[37] with a modification by Lilly [38]. For the dispersed phase a Lagrangian approach is
applied, whereby the interaction with the continuous phase is considered by particle source
terms Sprt. Particle tracking is done by an adaptive, explicit Runge-Kutta scheme of fourth
order [39, 40].

2.1 Combustion modeling

In flamelet based models it is assumed that a turbulent flame can correctly be represented
by an ensemble of states found in a set of corresponding laminar flames [41]. This concept
was extended by Peters by utilizing mixture fraction and scalar dissipation rate to model
non-premixed combustion [42, 43]. The FGM approach that is applied in this work also
belongs to this group of models. Its central idea is that premixed laminar one-dimensional
flames are computed prior to the actual CFD simulation by using detailed reaction kinetics.
These flamelets are then tabulated in dependency of only a few control variables, which
fully describe the thermo-chemical state. In turn, only these control variables have to be
transported by the LES solver. Initial formulations for premixed laminar flames within the
flamelet context go back to de Goey and Thije Boonkkamp [44]. The development of the
FGM approach originates from the work of van Oijen [45], van Oijen and de Goey [46]
and van Oijen et al. [47]. As it is discussed in Sections 4.2 and 4.3, gas-phase combustion
essentially has a premixed character in the investigated configuration. The combustion of
volatile matter rather corresponds to a non-premixed regime. However, finite rate chemistry
effects are also relevant so that a progress variable approach is appropriate. In this work,
a premixed flamelet database is used as it is also capable of adequately describing such
regimes [48].

The choice of control variables depends on the physics to be covered. In the present work
two mixture fractions fi , the enthalpy h and a reaction progress variable being YCO2 are
taken to span a four-dimensional manifold. With the inclusion of the enthalpy and a reac-
tion progress variable non-adiabatic physics and finite rate chemistry effects are accounted
for, respectively. In the investigated configuration coal combustion is assisted by a methane
flame. Hence, from a physical point of view there are three kinds of gaseous fuels. These
are methane, the volatile matter originating from the coal particles and the gaseous char
products. In the model applied in this work, methane and volatile matter are treated as one
species. Accordingly, pure methane was taken as volatiles composition which is a surrogate
fuel, whose reaction is describable in the context of the applied GRI 3.0 reaction mech-
anism [49]. Considering the complexity of realistic volatiles being composed of several
species, this is a simplifying assumption which was evaluated by using detailed chemical
kinetics simulations [32]. Thereby, local differences in the chemistry of the volatiles reac-
tion could be found between a realistic composition and the volatiles assumed to consist of
pure methane. However, the global volatiles combustion was almost unaffected with regards
to flame structure and burning duration. Hence, the methane stream and the volatiles matter
can both be represented by the first mixture fraction. The temperature range of 300-850K
was covered by the chemistry table for unburnt mixing states along the f1-dimension which
was sufficient for large parts of the devolatilization phase. The second mixture fraction treats
the gaseous char products being carbon monoxide formed in the particle surface reaction. It
is defined as follows

f2 = ZC,CO + ZO,CO + ZN2,SFR. (3)
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ZC,CO denotes the element mass fraction of C from CO, ZO,CO the element mass fraction
of O from CO and ZN2,SFR the element mass fraction of the nitrogen going along with
the oxygen consumed in the char reaction. In the model the nitrogen is treated as an inert
species taking part in the surface reaction (SFR). Hence, the definition of f2 represents the
following chemical reaction

2C(s) + O2 + αN2 −→ 2CO + αN2, (4)

whereby α = 3.7619 being the ratio of molar fractions of N2 and O2 in air. This defi-
nition in combination with a correspondingly formulated source term in the f2 transport
equation accounts both, for a constant oxidizer composition and for the consumption of
oxygen during char conversion. Along this dimension unburnt states having a temperature
range of 300-2000K representing fresh gaseous char products are tabulated. Char conver-
sion essentially takes place consecutive to devolatilization and hence, requires high particle
temperatures that are covered by these states. The applied modeling is a novel approach
for describing char conversion with tabulated chemistry based on control variable, enthalpy
and mixture fractions. A model with a similar formulation of the char mixture fraction was
recently proposed by Wen et al. [19]. However, differences to the present work exist. In
[19] non-premixed flamelets were employed whereas the present model relies on premixed
flamelets. Different enthalpy levels are also considered in [19] by accounting for differently
heated fuel states. However, in the present work the full manifold range is covered in terms
of enthalpy losses which can become relevant if a bunch of particles quenches the reaction
below its extinction limit.

In this work the artificially thickened flame (ATF) model was used. It was initially devel-
oped by Butler and O’Rourke [50] as well as O’Rourke and Bracco[51]. Its basic idea is to
thicken the flame by a factor F and make it thereby resolvable on the computational mesh.
An efficiency function E accounts for unresolved wrinkling of the thickened flame. Here, a
power-law approach proposed by Charlette et al. [52] is used. In order to avoid the thicken-
ing of mixing induced gradients and to apply the thickening procedure only in the reaction
zone a dynamic approach was suggested by Légier et al. [53]. Therefore, a flame sensor
� based upon the normalized reaction progress variable [54] is adopted that dynamically
and locally adapts the thickening factor F . The four control variables of the applied FGM
approach get thickened. Their transport equations then read

∂
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Details regarding the model and its implementations in the context of FGM in FASTEST

are given in [55, 56]. For an in depth description of the tabulation technique particularly
with regards to the inclusion of enthalpy, the reader is referred to [57]. For the flamelet
computation the one-dimensional detailed chemistry flame code CHEM1D [58, 59] was
used. A Lewis number of one was assumed. The PSIC (Particle Source In Cell) method [60]
applies for the particle source terms Sprt in Eqs. 1-8.
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2.2 Interaction of gaseous and dispersed phase

The temperature of each particle evolves from

dTprt
dt

= 3α

cp,prtρprt
Dprt
2

· (
T − Tprt

) + �hchar

mprtcp,prt
. (9)

Herein, the heat transfer coefficient α follows from a Nusselt number which is based on
the correlation of Ranz and Marshall [61, 62]. T denotes the gas phase temperature at the
particle position. The particle heat capacity cp,prt and the particle density ρprt were set to
1260 J/ (kg K) and 1200 kg/m3, respectively. The second term on the right hand side of
Eq. 9 represents the particle heat up due to the reaction heat released from the heterogeneous
char reaction. It amounts to

�hchar = −ṁchar�Hreac. (10)
whereby �Hreac = −9200 kJ/kg. The converted char mass rate ṁchar is detailed below.
Thermal radiation is not considered.

For devolatilization a single first order reaction (SFOR) approach is used, which was
proposed by Badzioch and Hawksley [63]. It reads

dY

dt
= (Y0 − Y )AT b

prt exp

( −E

RTprt

)
. (11)

Herein, Y and Y0 are the current and final volatile yield, respectively. The Arrhenius
parameters as well as Y0 are summarized in Table 1 and were obtained from computa-
tions adopting the CPD (Chemical Percolation and Devolatilization) - model [64–66] to the
applied Rhenish lignite which is specified in Section 3.

Char conversion is calculated according to the model going back to Baum and Street [67,
68]. Therein, the overall char conversion rate reads

dmchar

dt
= −πD2

prtρRT
XO2

MO2

(
R−1
diff + R−1

reac

)−1
. (12)

The diffusion rate coefficient is according to

Rdiff = Cdiff

Dprt

(
Tprt + T

2

)0.75

. (13)

The reaction rate coefficient arises to

Rreac = Aϕ exp

( −Ea

RTprt

)
. (14)

Herein, the coal specific parameters Cdiff, A, Ea were determined experimentally. Details
about the measuring technique can be found in [69]. The factor ϕ accounts for the enlarged
reactive surface because of porosity as ϕ expresses the ratio of the reacting surface (includ-
ing inner surfaces) to the outer sphere surface. In the context of the experimental coal
characterization it was determined to

ϕ = exp

(
−2.622 − 1.78

(
1 − mchar

mchar,0

))
. (15)

Table 1 Devolatilization kinetic parameters of Rhenish lignite for Eq. 11

Y0 (−) A (1/s) b (−) E (J/mol)

0.5258 1.868755 · 105 0 4.8988 · 104
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Table 2 Baum and Street model
parameters of Rhenish lignite Parameter Value Unit

A 1.13 · 100 1/s

Ea 1.49 · 105 J/mol

Cdiff 8.93 · 10−16 m/sK0.75

Herein, mchar and mchar,0 are the current and the initial char mass, respectively. The model
parameters are summarized in Table 2.

3 Experimental Configuration

The investigated coal combustion chamber is a generic test rig featuring a 20 kW assisting
methane flame and an additional thermal power of 20 kW from the injected coal particles.
One of the configuration’s central aspects is the near-nozzle region of the burner whose
geometry essentially affects the stabilization of the flame and the combustion of volatiles.
Thereby, the geometry of the burner nozzle, the quarl and the expansion to the combustion
chamber is tightly oriented at the geometry of the self-sustained coal flame reported in [28].

On the right of Fig. 1, the geometry of the nozzle and the quarl is shown. The nozzle
consists of two annular orifices concentrically surrounding a bluff body. Through the inner
orifice the primary stream consisting of a rich methane-air mixture is provided. In case of
a two-phase flow, the coal particles are injected herein. A swirled oxidizer flow leaves the
outer orifice and thereby constitutes the secondary stream. The cone shaped quarl featuring
a cone angle of 21◦ against the vertical axis spatially confines the swirling flame. Its walls
are made of quartz glass to allow for optical accessibility. The swirl of the secondary stream
is generated in a mixing volume upstream of the nozzle. Four vertical straight channels and
four inclined channels that are angled by 45◦ lead into that mixing volume termed plenum.
All channels have rectangular cross sections (straight channels: 7.5 × 11.5mm2, inclined

Fig. 1 Left: Optically accessible combustion chamber. Right: Burner assembly consisting of swirl generator,
nozzle and quarl
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channels: 5 × 8.5mm2). The lower end of the quarl merges with the top of the combustion
chamber. There, the coordinate system’s origin is located on the configuration’s center axis
as it is depicted on the right in Fig. 1.

The design of the combustion chamber in the left of Fig. 1 is derived from [28]. Likewise,
it is a down-fired flame. The chamber’s cross section amounts to 420×420mm2. Differently
to [28] its length is reduced to 600mm. Major parts of the surrounding walls are made
of quartz glass for an optimized optical accessibility. These windows are plane so that the
chamber’s cross section is rectangular which is different to the archetypal configuration [28].
However, the corners are rounded. A tertiary stream provides burnout air through an annular
orifice directly into the chamber. At the bottom of the chamber, the outlet is also realized as
an annular orifice. It prevents backflow and secondary air entrainment into the chamber.

Operating conditions Three operating points are investigated in this work. They are
summarized in Fig. 2 and Table 3. Initially, the single-phase non-reactive (SPNR) flow
is evaluated. This operating point is investigated with the aim to assess the capability of
reproducing the velocity field particularly inside and below the quarl. A snapshot of the
instantaneous axial velocity component in the mid section plane of the configuration is
given in the left of Fig. 2. It depicts the field of the primary and the secondary stream as
well as inside and below the quarl. Schematically, the main axial flow motions are illus-
trated. Because of the inclination of four out of eight channels leading into the mixing
volume the secondary stream has a swirling motion. Due to the inertia of the swirling motion
the secondary flow is tightly bounded to the quarl’s wall after leaving the annular orifice.
Since mass is drawn to the outer regions, a low pressure region forms in the core of the
swirling motion which leads to the recirculation of a portion of the flow. As a result of the

Fig. 2 Mid section planes depicting the three operating points. Left: Instantaneous axial velocity component
of single-phase non-reactive flow. I and II indicate the primary and secondary stream, respectively. The
black arrows schematically illustrate the main axial flow motions inside and below the quarl. The measuring
heights that are taken for comparison are indicated by white lines. The lowest two heights taken in Fig. 5
are not depicted. Middle: Equivalence ratio for single-phase reactive flow. Right: Instantaneous gas phase
temperature field on the section plane, individual particles colored by their temperature and sized proportional
to their radius. Only every third particle is shown
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Table 3 Parameters of the three operating points. I: Primary flow. II: Secondary flow. III: Tertiary flow

SPNR SPR TPR

I Mass flow gas ( g/s ) 4.775 4.570 4.570

I Mass flow coal particles ( kg/h ) – – 3.25

II Mass flow gas straight channels ( g/s ) 2.105 2.105 2.105

II Mass flow gas inclined channels ( g/s ) 4.236 4.236 4.236

III Mass flow gas ( g/s ) 24.650 24.650 24.650

Equivalence ratio �I (only gas phase) 0.0 1.60 1.60

Equivalence ratio �I+II (only gas phase) 0.0 0.64 0.64

recirculating mass displacement, the primary flow is also quickly drawn to the outer bound-
aries after entering the quarl. Thereby, another small recirculation zone forms between the
annular orifices of primary and secondary stream. Reynolds numbers of primary, secondary
and tertiary stream are ReI = 5258, ReII = 4597 and ReIII = 2163, respectively. In the sec-
ond operating point being the single-phase reacting (SPR) flow a thermal power of 20 kW
is provided. As it can also be seen in the middle of Fig. 2 and from Table 3 a rich mixture is
provided through the primary stream. The swirled secondary flow features an equivalence
ratio �II = 0. Inside the quarl, primary and secondary flow form a globally lean mixture.
The reaction is analyzed in detail in Section 4.2. For the third operating point being the two-
phase reacting (TPR) flow, coal particles are additionally injected into the primary stream.
The coal particles potentially provide further 20 kW of thermal power if they are fully burnt.
As it is depicted in the right of Fig. 2, smaller particles tend to follow the turbulent swirling
motion whereas larger ones leave the nozzle in a more straight direction when they enter the
quarl. Due to their different thermal inertia particles are exposed to differing heat up in the
hot product gasses of the methane flame reaction which can also be deduced from the right
of Fig. 2.

The operating points SPNR and SPR correspond to the cases termed NRAir and RAir
in [30], respectively. The particle size distribution applied in the TPR case was determined
from laser diffraction analyzes with a lower particle size detection limit of 4.5μm. From
mass balance considerations it could be analyzed that roughly 13% of the particles are
smaller than this limit. The distribution is depicted in Fig. 3. Particles were initialized during
the LES by employing a random process which reproduced the particle size distribution.
Coal properties are given in Table 4.

Measurement technique In single-phase flow experiments (both, non-reactive and reac-
tive) the flow field was determined using stereoscopic particle image velocimetry (SPIV).
In order to identify the reaction in the reactive single-phase case, OH-PLIF was applied.
Details regarding these laser diagnostics and their setup can be found in [30]. In the react-
ing two-phase configuration the velocities of both, gas phase and particles were determined
by using a new two-phase PIV measurement technique. Thereby, all sizes of coal particles
as shown in Fig. 3 were recorded simultaneously. Within the post-processing the signals
of large and small particles are evaluated separately based on an intensity threshold. The
resulting velocity vectors of these were attributed to large coal particles and gas phase inde-
pendent of each other. Strongly correlated statistics could be obtained. However, only the
gas phase velocity data were taken for comparison with numerical results in the context of
the two-phase flow analysis in this work. A more extensive use of this method’s data would
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Fig. 3 Experimentally determined coal particle size distribution. The mass averaged mean diameter (red
line) and median (yellow line) are at 121.2μm and 24.3μm, respectively

require its in-depth description including an error assessment which is beyond the scope of
this work.

4 Results

Results of the three operating points are discussed in Sections 4.1-4.3. In Section 4.1, the
velocity field is characterized and the appropriateness of boundary conditions in terms of
swirl strength is evaluated in order to identify potential sources of error. Section 4.2 is
dedicated to the methane flame. Here, a comparison with experimental data allows to judge
about the performance of the numerical simulation. Since it significantly contributes to the
heat release, its understanding is crucial also for the two-phase reaction. In the latter case,
which is discussed in Section 4.3 particles encounter different states which depend on the
methane flame and determine the particle reaction.

Table 4 Coal properties of
Rhenish lignite. 1: as received, 2:
dry and ash free basis

Proximate Analysis1 wt.%

Moisture 8.4

Ash 4.1

Volatile Matter 46.6

Fixed Carbon 40.9

Ultimate Analysis2 wt.%

Carbon 77.03

Hydrogen 4.85

Oxygen 16.80

Nitrogen 0.98

Sulfur 0.34
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4.1 Single-phase non-reactive

For the single-phase non-reactive flow the mass flows of operating point SPNR as speci-
fied in Table 3 are applied. All flows – primary, secondary and tertiary – consist of pure
air having a temperature of 300K. The computational mesh consists of approximately 2.5
million cells featuring a cell width �xi

≈ 0.5mm within the quarl and �xi
≈ 1.0 - 3.5mm

within the chamber. A time step size of 2.5 · 10−6 s was applied in order to realize a CFL
number (Courant Friedrichs Lewy criterion) below unity for a stable computation. A phys-
ical time of 2 s was simulated yielding sufficiently converged statistics in the investigated
region. As visible in Fig. 2, significant portions of the nozzle geometry have been included
in the computational domain to allow the turbulent flow to naturally develop.

The single-phase non-reactive operating point is investigated mainly for an evaluation
of the appropriateness of boundary conditions and for a characterization of the velocity
field. Thereby, it is of particular importance to assure that the tangential component of the
secondary stream velocity right after leaving the orifice is in agreement with the corre-
sponding experimentally obtained value. This gives information about the swirling strength.
If the numerically gained tangential component is lower than the experimental one, it is an
indication for numerical diffusion inside the tight nozzle channels.

Results for the three velocity components are depicted in Figs. 4 and 5, respectively,
from which a general good agreement between experimental and numerical results with
respect to the main flow characteristics can be observed. The two jets leaving the nozzle get

Fig. 4 Comparison of non-reactive single-phase experimental and numerical mean velocity data inside the
quarl. The height with respect to the coordinate system’s origin is given at the left boarder of each line
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Fig. 5 Comparison of experimental and numerical mean velocity data below the quarl. The height with
respect to the coordinate system’s origin is given at the left boarder of each line

displaced by the internal recirculation zone and form a swirling motion layer close to the
wall. However, taking a closer look to the region close to the annular orifices of primary
and secondary stream (e.g., at z = 45mm and z = 50mm) it appears that the experimental
data are slightly shifted toward the wall. This mismatch is probably due to an inaccurate
mapping of the experimental flow field in that region and was reported in [30]. Keeping
that in mind, experimental and simulation results agree to a good degree. At the height of
z = 45mm it can be observed that primary and secondary flow have not fully merged in the
simulation, yet. However, this process is already ongoing in the experiment at that height.
In this flow the tangential velocity representing the strength of the swirling motion is of
the same order of magnitude as the axial component. Here, the velocity layer is bounded
very close to the wall which induces difficulties in the experiment to correctly measure the
out-of-plane component by using stereoscopic PIV. Hence, it cannot be judged precisely on
the swirling strength from the experimental data inside the quarl. However, the tangential
component below the quarl is well reproduced by the simulation. Concluding from these
results there is no indication that the swirl is underestimated due to numerical dissipation in
the channels of the burner head. Accordingly, boundary conditions are appropriately set.

Analyzing the flow field below the quarl the axial and the tangential component exhibit a
good agreement, so that it can be concluded that the extent of the large recirculation zone is
comparable. The radial component is more distinct in the experiment. However, it is rather
small and therefore of minor importance. With increasing distance to the quarl experimental
and numerical profiles deviate from each other. This might also be due to the fact that the
experimentally determined field is not symmetric as it is also reported in [30]. The authors
state that this might be the consequence of a not perfectly aligned bluff body in the center of
the burner head. Therefore, deviations between experimental and numerical results should
not be overrated.

4.2 Single-phase reactive

In this section the swirled methane flame which stabilizes inside the quarl is investigated. It
corresponds to the operating point specified as SPR in Table 3. A rich air-methane mixture
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is provided by the primary stream. Swirled air is added by the secondary stream and makes
the flame globally lean. Wall temperatures were obtained from radiation thermometer mea-
surements and are locally dependent in the range of 320 - 500K. A physical time of 2.39 s
was simulated for sufficiently converged statistics. A time step size of 5 ·10−6 s was applied
which was limited by simulation stability requirements.

A photography of the flame is shown in Fig. 6. Its exposure time was set to 20 s in order to
average the wrinkling of the turbulent flame. By referring to the chemiluminescence signal
the position and the extent of the reaction zone can be roughly estimated. It can be observed
that a main flame forms that encompasses the central recirculation zone inside and below
the quarl. At this operating point also a side flame appears that stabilizes between the cold
gasses of primary and secondary stream. Hence, it burns detached from the main flame.
There is no stabilization support in terms of hot oxygen containing product gasses from the
central recirculation region. Due to the side flame’s heat release the merging of primary and
secondary flow is slightly shifted downwards [30]. It was argued by the authors, that the side
flame exerts only a minor impact on the main flame’s position. The main flame stabilizes
by the mixing of hot centrally recirculated flue gasses with the rich mixture coming from
the primary stream.

It can be estimated from Fig. 6 and the experimental data depicted further below that
the side flame has a length of approximately 10mm. Depending on the way the flame is
ignited two different stable combustion modes develop. Applying a spacious ignition ker-
nel a side flame formed in the simulation. However, this side flame was not only much
larger than in the experiment but also merged with the main flame as it becomes clear from
Fig. 7. In this depiction, mixture fraction and progress variable fields are given in gray scale
for the same instantaneous snapshot, respectively. The colored lines indicate the chemical
source term of CO2. The marks (A, B, C, etc.) represent different thermo-chemical states
and are interpreted in manifold space in Fig. 8. A is the secondary stream consisting of
pure air, whereas B denotes the rich primary stream. The lean and rich flammability lim-
its are at flean ≈ 0.02 and frich ≈ 0.1, respectively, whereas stoichiometry is at around
fstoich ≈ 0.055. Both, primary and secondary stream mix with each other. For a wide range
of the mixing states between these two the mixture is inside the flammability limits. For
this mixture fraction range, the start and progress of the chemical reaction is tabulated in

Side flame

Fig. 6 Photography of the methane flame. Exposure time was set to 20 s for averaging the wrinkled flame
front
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Fig. 7 Instantaneous contour of the operation mode with side flame in the quarl region. Left: mixture frac-
tion. Right: reaction progress variable. The colored lines indicate the chemical source of CO2. The marks (A,
B, C, etc.) represent different thermo-chemical states and are interpreted in manifold space in Fig. 8

the premixed flamelets based manifold. C is reached by this superposition of mixing and
the proceeding of the reaction. The side flame thereby reveals a diffusion flame character
since rich and lean mixtures are provided from opposing sides of the reaction zone. The
numerical side flame is larger than in reality. In the following assumptions regarding the
reason for this are made. A possible explanation is that the extinction process is triggered
by the scalar dissipation rate present in the real shear and mixing layer between primary
and secondary flow. In the simulation this side flame should be predicted by a manifold
which is generated of premixed flamelets each featuring a scalar dissipation rate of zero that
might lead to a significant overprediction in terms of size and intensity. Generally, the pre-
mixed manifold should be capable of describing this diffusion flame situation, particularly
as even the rich flammability limit is not exceeded. However, it is also conceivable that the
applied ATF model which maps the unresolved scales on the resolved LES grid impacts the
extinction process of the side flame. Due to the thickening the time scales of extinction are
also enlarged by the thickening factor which implies that the extinction process takes more
time. Assuming an extinction strain rate in the order of 103 s−1 and a thickening factor of
approximately 2 to 3 in the side flame region, one yields a representative extinction time
of at least 2 · 10−3 s. Considering the absolute value of the streamwise velocity component
of up to 20m/s extinction might not be completed before a path length of 40mm which is
almost the full quarl length. It seems that the side flame is sensitive to extinction processes
since the flame’s stable formation depends also on the operating point as it was shown by
[30]. As a consequence of its larger extent the side flame merges with the main flame which
encompasses the central recirculation zone. Here the reaction progress variable drops due
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Fig. 8 Thermo-chemical states of the setting with side flames as indicated in Fig. 7. For simplicity a constant
enthalpy level is depicted. Solid lines represent chemical reaction, whereas dashed lines illustrate mixing.
Dotted lines indicate chemical reaction superimposed by mixing

to the rapid mixing of the remaining primary and secondary flow (D). This mixture then
fully reacts at approximately stoichiometric conditions and forms the hot product gasses
that partly recirculate in the core of the quarl E. They provide the activation energy for the
main flame (F) that burns in a premixed mode. Due to the significant misprediction of the
side flame reaction, the flow field inside the quarl is strongly affected so that a sufficient
agreement with experimental data could not be obtained.

If a more compact ignition kernel is used for igniting the flame, there is no provision of
activation energy in the region between primary and secondary stream nozzles so that no
side flame developed in the simulation. At this operating mode only a main flame forms
which is depicted in Fig. 9. Hence, the stable combustion mode depends on the initial con-
ditions which is plausible. It cannot be replicated anymore how the ignition procedure was
conducted in the experiment so that an uncertainty remains in this regard. The fact that
the side flame – if existing – cannot be predicted correctly can be attributed to modeling
shortcomings mentioned above.

Analogously to the analysis above, the corresponding thermo-chemical states are inter-
preted in manifold space for the mode without side flame in Fig. 10. Here, A and B are still
the secondary and primary stream consisting of pure air and a rich but flammable mixture,
respectively. In this mode these flows directly mix after leaving their nozzles. Depending
on the mixing distance different states being either rich (C”), stoichiometric (C) or lean
(C’) are gained whereby mixing is facilitated by the turbulent motions. These states then
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Fig. 9 Instantaneous contour of the setting without side flames in the quarl region. Left: mixture fraction.
Right: reaction progress variable. The colored lines indicate the chemical source of CO2. The marks (A, B,
C, etc.) represent different thermo-chemical states and are interpreted in manifold space in Fig. 10

react with the hot recirculated product gasses (D) in a predominantly premixed and strati-
fied mode. This reaction is exemplarily illustrated with the arrow in Figs. 9 and 10. As it
was also pointed out by Becker et al. [30] the main flame reveals a premixed character at
medium and large distances from the nozzle where primary and secondary stream have suf-
ficiently mixed. Also because of this finding, the latter discussed operating mode without
side flame is far closer to the experimentally investigated case. Hence, it will be taken in the
following. The absence of the side flame does not constitute a hard constraint as it has only
a minor impact on the field inside the quarl [30].

In Figs. 11 and 12 the velocity components of the single-phase reactive operating point
inside and below the quarl are depicted for different heights. It should be mentioned that
experimental data are not available for heights above z ≈ 30mm in the wall near region.
Since in the numerical simulation the side flame did not form and primary and secondary
flow mix with each other, this zone is of particular interest. It was stated in [30] that intense
reflections prohibited the processing of the velocity field in this region. Inside the quarl, the
velocity fields of the non-reactive case and this reactive setup are similar. Differences occur
below the quarl where larger velocity magnitudes are observed for the reactive case. They
are a consequence of the heat release. Since the latter evokes changes in the density and
hence, the velocity field, the good agreement between numerical and experimental results
indicates that the chemical reaction is overall well reproduced by the simulation. However,
it can be seen from the axial velocity component in the lower heights of the quarl that the
layer near the wall appears slightly thicker in the numerical simulation. It can be deduced
from the corresponding data plotted in Fig. 12 that the experimental configuration was not
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Fig. 10 Thermo-chemical states of the operation mode without side flame as indicated in Fig. 9. For
simplicity a constant enthalpy level is depicted.

fully symmetric which was also reported in [30]. Keeping that in mind agreement was good
also in the non-confined region below the quarl. Concluding from that it seems that the side
flame present in reality does not have a large impact on the flow field. Hence, its heat release
and the consequential density change appears to be small. The negligence of the side flame
was therefore considered reasonable. Becker et al. [30] also argue that the side flame hardly
affects the main flame’s position.

The following illustrations allow for an impression of the reaction zone. In Figs. 13 and 14
numerically obtained mean OHmass fraction fields inside and below the quarl are compared
with the mean OH fluorescence signal from the experiment. Since the experimental field
inside the quarl was almost symmetric the depiction (Fig. 13) was split in the middle. This
was not the case below the quarl. Hence, an unseparated representation is shown in Fig. 14.
The figures provide information about the spatial extent of the chemical reaction. It becomes
clear in the comparison that the side flame was not ignited in the numerical simulation.
Apart from that the OH mass fraction of the main flame is very similar to the corresponding
fluorescence signal. This also indicates that the side flame is of minor relevance for the
overall combustion inside the quarl. In principle a comparable situation turns out to be
present below the quarl. The OH indicating the reaction zone as well as hot gas zones has
a very similar radial extent. However, it appears to be somewhat longer and comprises the
internal recirculation zone more in the experiment. By judging from that it should be kept
in mind that the OH fluorescence counts constitute a non-quantitative signal which is not
identical to the OH mass fraction.
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Fig. 11 Comparison of single-phase reactive experimental and numerical mean velocity data inside the quarl
for different heights

In the analysis of the experimental data the flame brush was determined [30]. For this, the
canny edge filter was applied to instantaneous OH images in order to identify strong spatial
gradients that correlate with the reaction front and hence, separate cold and hot gasses. The
flame brush then represents a spatial probability density function of this edge’s position for
a sufficiently large number of instants. Primarily, the flame brush is an information about
the flame’s position.

It was also determined from the numerical data. A comparison is depicted in Figs. 15
and 16. Apart from the absent side flame good agreement between experiment and simula-
tion is shown in Fig. 15. As it can be seen from the narrow flame brush close to the nozzle,
the reaction zone of the main flame is thin and smooth. It becomes wider and wrinkled
in the lower half of the quarl. These essential characteristics including the spreading and
the brush’s inclination angle are well reproduced by the numerical simulation. However, it
appears that the numerical brush is somewhat closer to the quarl’s wall than the experimen-
tal brush. This is likely due to the missing heat release of the side flame. As already argued
before there was no laser excitation inside the quarl below z ≈ 9mm and hence, no sig-
nal. Below the quarl (Fig. 16) the experimental brush features an almost symmetric shape
despite the more asymmetric OH fluorescence given in Fig. 14. This illustrates that a sig-
nal’s strength becomes less decisive than its gradient’s position when binarized. It can also
be seen that both brushes feature a similar shape in terms of length, global widening and
thickness.
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Fig. 12 Comparison of single-phase reactive experimental and numerical mean velocity data below the quarl
for different heights

Fig. 13 Results for OH inside the quarl. Left half: Experimentally obtained mean OH fluorescence signal.
The fluorescence signal vanishes below z ≈ 9mm since there was no laser excitation in this region. Right
half: Mean OH mass fraction field obtained by numerical simulation

Fig. 14 Results for OH below the quarl. Left: Experimentally obtained mean OH fluorescence signal. Right:
Mean OH mass fraction field obtained by numerical simulation
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Fig. 15 Experimentally (left) and numerically (right) obtained flame brush inside the quarl

In summary, the formation of a side flame in the numerical simulation depended on the
ignition region. It was shown that the former could not be sufficiently predicted with the
applied modeling approach based on premixed flamelets. Without side flame a reaction
zone formed which was in better accordance with experimental findings. Good agreement
with experimental data in terms of velocity field as well as shape and position of this main
reaction zone could be obtained in this regard. Due to the main flame’s premixed character
the choice of a premixed flamelet database appears to be appropriate. The absence of the
side flame did not constitute an issue in terms of overall predictability.

4.3 Two-phase reactive

On the basis of the above discussed findings it was decided to take the operating mode
without side flame as the gas flame that supports the coal combustion in the TPR setup as
specified in Table 3. Coal particles having the size distribution as given in Fig. 3 and the
properties specified in Table 4 were additionally injected in the primary stream. A total of
2.1 s was simulated which yielded sufficiently converged statistics for both, gaseous and
particle phase. In this section, emphasis is put on the particle phase, the coal conversion
inside the chamber and the particle’s impact onto the gas phase combustion. In terms of

Fig. 16 Experimentally (left) and numerically (right) obtained flame brush below the quarl
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Fig. 17 Number of particles in
the whole combustion chamber
and the quarl region, respectively.
The latter is defined as the quarl
itself and the cylindrical zone
with a radius of 80mm and a
length of 200mm directly below
the quarl

available experimental data only gas phase velocity fields of the two-phase reactive flow
can be taken for comparison. The chemical reaction at this operating point must be analyzed
solely on the basis of numerical results.

In Fig. 17 the number of particles inside the whole combustion chamber and the quarl
region, respectively, is depicted. It can be observed that it takes approximately 0.1 s after
the start of injection until the particles have accumulated to a statistically stationary number
inside the quarl region which is driven by the recirculation zone. Considering the whole
chamber the convergence against a steady state takes significantly longer due to the larger
volume and the correspondingly larger residence times. In the following, the evaluation of
particle statistics was started when the particle number had converged a stationary value in
the region of interest.

In Fig. 18 particle histories with regards to the particle temperature and the particle
volatiles mass fraction are depicted. In order to differentiate with respect to the particle size,
particles are assigned to different classes which are specified in Table 5.

In each class thousand different particles were evaluated which is a statistically sufficient
large number. As expected the smaller particles are exposed to a more rapid heat up than the
larger ones. However, it appears as if class 2 particles exhibit a slightly steeper temperature
increase than the smaller ones in class 1. Furthermore, the variation of particle histories is
stronger for class 1 particles during heat up. This behavior can likely be attributed to the
smaller Stokes number of class 1 particles which enable them to better follow the turbulent
motions after leaving the primary stream nozzle. On the one hand, the turbulence increases
the variance. On the other hand, class 1 particles better follow the primary flow which
is deflected to the wall of the quarl, whereas class 2 particles are rather carried into the
reaction zone directly which is due to their different particle dynamics. Apart from particles
belonging to class 5, the maximum Tprt values reached at the end of particle heat up do not
strongly correlate with the particle size. With regard to the devolatilization dynamics it can
be observed that the volatiles of most of the particles have already been fully released to
the gas phase after 0.05 s. The largest ones being assigned to class 5 require approximately
0.2 s which is mainly due to their larger thermal inertia.

Analogously to Fig. 18, the ambient conditions the particles encounter are depicted in
Fig. 19. It is noticeable that class 1 particles being the lightest experience a less steep gra-
dient in terms of YCO2 and T . Hence, they enter the hot product gasses in the inner core of
the quarl somewhat slower than the heavier particles which is likely due to their different
particle dynamics. They better follow the turbulent swirling motion and are therefore rather
deflected toward the wall near velocity layer whereas the chemical reaction takes place at

Flow Turbulence Combust (2018) 101:895–926 915



Fig. 18 Particle histories with regards to particle temperature and particle volatiles mass fraction. The classes
are specified in Table 5. The black lines indicate the mean values. The variation represented by one standard
deviation is depicted by the blue areas. The time line in this figure starts at a statistically stationary point

smaller radii. Larger particles tend to leave the nozzle in a more direct way leading to a more
rapid exposure to product gasses. It can also be seen from the f1-histories that the heavier
particles are exposed slightly longer to the richer conditions close to the nozzle.

Concluding from Fig. 18 all particles are subject of cooling down that starts directly after
heat up. The particle temperature decrease is weaker than the changing rate during heat
up. Slight deviations occur between the classes. They are probably driven by the particle
dynamics. Depending on their Stokes number particles are carried into combustion chamber
zones with different temperature levels.
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Table 5 Partition of particles
into different classes according
to their size for post-processing

Class Particle size

1 Dprt ≤ 10μm

2 10μm < Dprt ≤ 25μm

3 25μm < Dprt ≤ 60μm

4 60μm < Dprt ≤ 100μm

5 Dprt > 100μm

The temporally averaged gas phase temperature of the combustion chamber’s upper half
is given in Fig. 20 both, for the SPR and the TPR case. First, because of the reaction of
the additionally injected coal particles the hot temperature region is extended downwards
and also slightly in radial direction. Second, a medium temperature range has formed right
below the bluff body on the center axis in the TPR case. As it will also be shown below, this
is likely due to the fact that a richer mixture forms inside the quarl as a consequence of the
volatiles release which spatially shifts the region of chemical reaction. However, the extent
of the spatial range featuring a temperature level which is sufficiently large to induce the
reaction of coal particles is limited to the inner core of the chamber. Significant conversion
of char requires large residence times in hot combustion chamber regions. At larger radii
the gas phase temperature is quite low contributing to a char conversion process that takes
place only to a minor amount in this configuration. In Fig. 21 a histogram of the particle

Fig. 19 Ambient conditions the particles are exposed to on their path with regards to first mixture fraction,
mass fraction of CO2 and gas phase temperature. The classes are specified in Table 5. The black lines indicate
the mean values. The variation represented by one standard deviation is depicted by the blue areas. The time
line in this figure starts at a statistically stationary point
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Fig. 20 Temporally averaged
gas phase temperature field in
mid section plane. Left:
single-phase reactive. Right:
two-phase reactive

char mass fraction considering all particles in the chamber is depicted. The particles’ initial
char mass fraction is given in Table 4. It can be seen that only a minor portion of all particles
has converted to a marginal degree. These findings are in agreement with the low numerical
values of the second mixture fraction (Fig. 22) which represents the mass fraction of gaseous
char conversion products. For instance, in semi-industrial coal furnaces the mass fraction
of char products is approximately two orders of magnitude larger [12, 13]. Generally, f2
strongly correlates with the gas phase temperature field (Fig. 20) which is plausible as the
slow char conversion process requires rather high temperatures. It can be concluded that
char burnout does not play a significant role in this configuration.

As it was shown in Fig. 18 devolatilization is completed after approximately 0.2 s for
almost all particles. The release of the volatiles mass affects the first mixture fraction as it
is demonstrated for the quarl region in Fig. 23. As expected, the volatiles release leads to a
significantly richer mixing field which is partly very close or even slightly beyond the rich
flammability limit frich ≈ 0.1. The richest region has formed right below the bluff body

Fig. 21 Particle histogram with
regards to particle char mass
fraction at t = 2.06 s according
to the time line in Fig. 17
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Fig. 22 Temporally averaged field of the second mixture fraction in mid section plane

in the proximity of the recirculation zone’s stagnation point. Due to the reduced chemical
reactivity a temperature decrease could be observed as it is depicted in Fig. 20. In compar-
ison to the single-phase reactive operating point SPR, position and strength of the reaction
zone are influenced by the mixing field. As it is shown in Fig. 24 the reaction is shifted more
downstream and appears to be rather distributed, which is a consequence of the following
mechanism: As it can be seen in Fig. 23, the release of volatile matter in the quarl region
results in significantly richer conditions beyond the stoichiometric point. Correspondingly,
compared to the single-phase reactive case Figs. 24 and 20 depict, that the two-phase flow
is characterized by lower reaction rates and resulting temperatures in the quarl, respectively.
However, an enhancement of the chemical reaction with increasing distance from the quarl
becomes obvious and can be attributed to the coal particles. Due to continuous mixing with
oxygen and devolatilization, the hot temperature region considerably enlarges, which rep-
resents the contribution of the thermal power of the coal. At this point it should be noted
that the assumption of the volatiles solely consisting of methane affects the stoichiometry
in comparison to a more realistic composition. For instance, the oxygen amount available
in the quarl region would probably be somewhat larger than it is the case with the applied
modeling approach. This could result in an increased char reactivity. However, the latter
effect is not expected to be substantially large, since it appears from the strong correlation
between the gas phase temperature and the f2-field that the gas phase temperature is the
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more important driving force of the char conversion in this configuration than the avail-
able oxygen amount. This indication also appears to be plausible as the char conversion is
restricted to the hot regions, although sufficient oxygen amounts are provided by the ter-
tiary stream. In the model formulation the larger standard formation enthalpy of methane
compared to realistic volatiles is considered by a corresponding sink term in the enthalpy
equation. This way, it is ensured that the methane volatiles feature the same adiabatic flame
temperature as a realistic composition. Hence, the gas phase temperature field should not
be affected by the volatiles composition assumption. In terms of combustion modeling, the
applied premixed flamelet approach seems to be appropriate. First, the assisting methane
flame has a premixed character. Second, volatiles release mainly takes place in the quarl
region which can be deduced from Fig. 23. A rather homogeneous mixture forms in this
region implying low scalar dissipation rates. Hence, the chemical states are appropriately
describable by a premixed approach.

In Figs. 25 and 26 experimentally and numerically obtained gas phase velocity data
are compared with each other. Due to the PIV setup the tangential velocity being the out-
of-plane component could not be detected. Both, inside and below the quarl there is an
overall good agreement with respect to the axial velocity component. Right below the noz-
zle where the particles have just exited the primary flow channel the particle number density
is quite high which constitutes a challenge for the post-processing algorithm. In this high
particle number density region the systematic measurement error is larger than in other
regions. Therefore, discrepancies between experimental and numerical results should not
be overrated. In terms of the radial component peak velocity values are approximately met.

Fig. 23 Temporally averaged fields of the first mixture fraction. Left half: single-phase reactive operating
point. Right half: two-phase reactive operating point
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Fig. 24 Temporally averaged fields of the chemical source term of CO2. Left half: single-phase reactive
operating point. Right half: two-phase reactive operating point

Fig. 25 Comparison of two-phase reactive experimental and numerical mean gas phase velocity data inside
the quarl for different heights
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Fig. 26 Comparison of two-phase reactive experimental and numerical mean gas phase velocity data below
the quarl for different heights

However, slight deviations in a low velocity range occur. Their reason must also be evalu-
ated in an analysis of the measurement technique’s error which would be beyond the scope
of this work. In summary, it can be concluded that essential characteristics of the velocity
field are well reproduced.

5 Summary and Conclusion

A four-dimensional FGM modeling approach was applied in a first reactive LES of a lab-
oratory scale coal combustion chamber in which a methane flame assists and stabilizes the
combustion of coal particles [30]. Different operating points with successively increased
complexity were investigated. These are single-phase non-reactive, single-phase reactive
and two-phase reactive flows. Due to the good optical accessibility, experimental data aris-
ing from laser diagnostics measurements were available for comparison with the numerical
results. Good agreement regarding the velocity field of the single-phase non-reactive field
was found. In terms of the reactive operating points a main flame forms within the burner
quarl that encompasses the internal reaction zone. Depending on the ignition procedure a
side flame next to this main flame exists. In reality this side flame has only a marginal
impact on the flow field inside the burner quarl. It was found that the applied modeling
approach could well reproduce both, the characteristics of the reaction zone and the veloc-
ity field of the stable combustion mode featuring no side flame. In terms of the two-phase
reactive operating point, coal particles were additionally injected. They nominally provided
the same thermal power (20 kW) as the assisting methane flame. An analysis of particle his-
tories revealed a rapid heat up that induced devolatilization. Depending on the particle size
slight differences were observed with respect to particle heating rates and maximum particle
temperature. These can be attributed on the one hand to the different thermal inertia but on
the other also to the different Stokes number that affects the particle path within the turbu-
lent flow. Devolatilization of almost all particles was completed after approximately 0.2 s.
In this phase particles have already left the hot zones so that their temperature reduces again.
Due to the short residence times of particles within high temperature regions only a small
fraction of char conversion evolves within the chamber. The mass fraction of gaseous char
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burnout products is on a low level and strongly correlates with the gas phase temperature
field. As a consequence of particle devolatilization the near quarl region in which gas phase
combustion is stabilized becomes richer. This leads to lower chemical reaction rates inside
the quarl. However, the reaction is enhanced with increasing distance to the quarl com-
pared to the single-phase reactive case, which is due to continuous mixing with oxygen and
devolatilization. As a consequence, the hot temperature region is significantly enlarged. In
terms of the gas phase velocity field, good agreement to experimental data could be obtained
with respect to essential flow characteristics in general and the axial component in particu-
lar. Overall, insights into different aspects of the coal combustion process could be gained.
Mainly, an understanding of the physical processes within the chamber was obtained. Fur-
thermore, it was found that the applied model was capable of reproducing these processes
to a good degree.
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