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Background: LES 
Large-Eddy Simulation vs. RANS (classical CFD)

RANS 
Time-averaged, steady 
„Photo, long exposure“ ➦ 

All turbulent fluctuations 
must be modelled. 
Correlations of fluctuations 
must also be modelled! ➦ 
Closure models matter! 
Numerics matter little.
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Locally filtered, unsteady 
„Movie, slightly blurred“ 

Strong fluctuations are 
calculated. 
Correlations of strong 
fluctuations just calculated. 
Closure models matter little. 
Accurate numerics needed!
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All turbulent fluctuations 
must be modelled. 
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must also be modelled! ➦ 
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Numerics matter little.
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LES 
Locally filtered, unsteady 
„Movie, slightly blurred“ 

Strong fluctuations are 
calculated. 
Correlations of strong 
fluctuations just calculated. 
Closure models matter little. 
Accurate numerics needed!

LES is a different approach 
(new paradigm), not a 

different „turbulence model“!



CRIEPI Burner
Small scale jet burner 
Coal: 0.149 g/s 
Methane pilot, 23 cm3/s 
Re ≈ 2300 
107 computational cells 
Euler-Lagrange LES

Text

Franchetti, B.M., Cavallo Marincola, F., Navarro-Martinez, S, Kempf, A.M, Large Eddy Simulation of a Pulverised Coal Jet 
Flame, Proc. Combust. Inst. 34 (2013) 2419-2426.
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LES lets you think about 
such issues, as it’s (a) quite 

predictive and (b) able to 
„simulate the diagnostics“



IFRF Flame B1
Primary: d=0.07m, 40.7m/s, 212kg/h, 463K 
Secondary: d=0.2m, 9.6m/s, 773K 
Turbulence: Smagorinsky 
Postulate substance 
Devolatilisation: First order single rate (Badzioch, Hawksley) 
Char combustion: Intrinsic reacition rate model (Smith) 
Radiation: DOM, (grey products, volatiles), particles scatter 
Mesh: 2.8M / 6.7M cells (2cm)3

Background

Flame B1 of the pulverised air-coal furnace of the International Flame Re-

search Foundation (IFRF) [1] is simulated by Large Eddy Simulation (LES), 

using an Euler-Lagrange approach with two-way coupling of the  phases.

Experimental Set-up

The furnace has a length of 6.25m and has an approximately rectangular 

cross-section 1.9m wide. The non-swirled, non-piloted burner consists of 

two circular streams: a Primary (central) (d1 = 0.0703m, 40.7 m/s) through 

which coal (212 kg/h) and air (463 K) are fed, and a secondary (annular) 

stream (d2 = 0.1995m, 9.6 m/s) of hot air (773 K). The exhaust (d3 = 0.784m) 

is located at the opposite end of the furnace. The properties of the high-

volatile bituminous coal used in the experiments (Germany, Saarland) are 

summarised in Table 1.

Flow and Combustion modelling

For the gaseous phase, equations of mass and mo-

mentum are solved for an incompressible fluid flow 

(low Mach assumption), where the turbulent viscos-

ity is  obtained from  the Smagorinsky model.  Trans-

port  equations  for  enthalpy  and  the  main  species 

mass  fractions  (O2,  N2,  CO,  CO2,  H2O)  are  are  also 

solved. Gas phase (volatile) combustion is modelled 

using a 2-step Eddy Break-Up (EBU) model adjusted 

for LES, where the constituents of the volatile gases 

are described  through a  single postulate substance 

(Eq.1). Devolatilisation is modelled by the first-order 

single reaction rate model by Badzioch and Hawks-

ley [2], whereas char combustion is described using 

the intrinsic reaction rate model by Smith [3].

Radiative heat transfer

The radiative transfer equation (Eq.2) is solved by the discrete ordinates 

method.  The gas  absorption coefficient  is  obtained using a  grey model 

(Eq.3) that treats the products and volatile gases as sole participating me-

dia [4]. Both particle absorption and scattering is considered, the particle 

emissivity varies with char burnout according to Eq.4. 

Numerical Modelling

The LES was conducted using the PsiPhi code developed by Kempf and co-

workers. The convective fluxes are approximated by a Central Differencing 

Scheme  (CDS)  for  momentum  and  a  Total  Variation  Diminishing  (TVD) 

scheme  for  scalars.  The  radiation  solver  uses the  step  scheme  for  the 

spatial discretisation, whereas angular discretisation is performed with the 

SN quadrature  using  the  S8 scheme  with  80  directions.  The  domain  is 

represented  two  grids of  2.8M  cells  (312x95x95) for  a  resolution  of 

Δ=2.0cm and by 6.7M cells (417x127x127) for a resolution of Δ=1.5cm.

Results
The results show that the axial velocity is well captured both along the 

centreline and radially, with the finer grid giving a better agreement with 

the experiments. An unphysical 'jump' in velocity is observed at the flame 

stabilisation point due to the sudden expansion of the gases in this area, 

which is  likely due to the simple EBU model  adopted.  The flame lift-off 

height is well predicted with the fine grid in terms of temperature but less 

so in  terms of  species,  underlining the difficulty of  experiments  in  coal 

flames. Devolatilisation appears to occur early, as indicated by the solids 

data, but the general  profile is retained. Finally, the incident wall radiat-

ive heat flux is slightly underpredicted over the length of the furnace wall, 

despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-

able from Fig. 3, showing radial profiles of selected quantities.

Conclusions
The  flame  lift-off  height  is  well  predicted 

when  based  on  the  temperature  field.  The 

mean  fields  of  axial  velocity,  temperature 

and species concentrations are well predicted 

near the inlet and the exit of the furnace. The 

overall  results  are  encouraging,  given  the 

complexity  of  predicting  lifted  pulverised 

coal flames in such large furnaces with many 

different physical phenomena.
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and on a dry basis respectively.

Proximate Analysis [% wt.]

Fixed Carbon
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Figure 1: Sketch of the burner  and  the computational domain.

Figure 2: Mean axial simulation data compared to experimental values: velocity and temperature (left), O2 and CO2 

mole fractions (middle) and volatile content and ash solid coal particle mass fractions (right). 

Figure 3: Mean radial profiles of simulation data compared to experimental values:  axial velocity, gas temperature 

and O2 and CO2 molar fractions (left to right) . 
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IFRF Flame B1

Background
Flame B1 of the pulverised air-coal furnace of the International Flame Re-
search Foundation (IFRF) [1] is simulated by Large Eddy Simulation (LES), 
using an Euler-Lagrange approach with two-way coupling of the  phases.

Experimental Set-up
The furnace has a length of 6.25m and has an approximately rectangular 
cross-section 1.9m wide. The non-swirled, non-piloted burner consists of 
two circular streams: a Primary (central) (d1 = 0.0703m, 40.7 m/s) through 
which coal (212 kg/h) and air (463 K) are fed, and a secondary (annular) 
stream (d2 = 0.1995m, 9.6 m/s) of hot air (773 K). The exhaust (d3 = 0.784m) 
is located at the opposite end of the furnace. The properties of the high-
volatile bituminous coal used in the experiments (Germany, Saarland) are 
summarised in Table 1.

Flow and Combustion modelling
For the gaseous phase, equations of mass and mo-
mentum are solved for an incompressible fluid flow 
(low Mach assumption), where the turbulent viscos-
ity is  obtained from  the Smagorinsky model.  Trans-
port  equations  for  enthalpy  and  the  main  species 
mass  fractions  (O2,  N2,  CO,  CO2,  H2O)  are  are  also 
solved. Gas phase (volatile) combustion is modelled 
using a 2-step Eddy Break-Up (EBU) model adjusted 
for LES, where the constituents of the volatile gases 
are described  through a  single postulate substance 
(Eq.1). Devolatilisation is modelled by the first-order 
single reaction rate model by Badzioch and Hawks-
ley [2], whereas char combustion is described using 
the intrinsic reaction rate model by Smith [3].

Radiative heat transfer
The radiative transfer equation (Eq.2) is solved by the discrete ordinates 
method.  The gas  absorption coefficient  is  obtained using a  grey model 
(Eq.3) that treats the products and volatile gases as sole participating me-
dia [4]. Both particle absorption and scattering is considered, the particle 
emissivity varies with char burnout according to Eq.4. 

Numerical Modelling
The LES was conducted using the PsiPhi code developed by Kempf and co-
workers. The convective fluxes are approximated by a Central Differencing 
Scheme  (CDS)  for  momentum  and  a  Total  Variation  Diminishing  (TVD) 
scheme  for  scalars.  The  radiation  solver  uses the  step  scheme  for  the 
spatial discretisation, whereas angular discretisation is performed with the 
SN quadrature  using  the  S8 scheme  with  80  directions.  The  domain  is 
represented  two  grids of  2.8M  cells  (312x95x95) for  a  resolution  of 
Δ=2.0cm and by 6.7M cells (417x127x127) for a resolution of Δ=1.5cm.

Results
The results show that the axial velocity is well captured both along the 
centreline and radially, with the finer grid giving a better agreement with 
the experiments. An unphysical 'jump' in velocity is observed at the flame 
stabilisation point due to the sudden expansion of the gases in this area, 
which is  likely due to the simple EBU model  adopted.  The flame lift-off 
height is well predicted with the fine grid in terms of temperature but less 
so in  terms of  species,  underlining the difficulty of  experiments  in  coal 
flames. Devolatilisation appears to occur early, as indicated by the solids 
data, but the general  profile is retained. Finally, the incident wall radiat-
ive heat flux is slightly underpredicted over the length of the furnace wall, 
despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-
able from Fig. 3, showing radial profiles of selected quantities.

Conclusions
The  flame  lift-off  height  is  well  predicted 
when  based  on  the  temperature  field.  The 
mean  fields  of  axial  velocity,  temperature 
and species concentrations are well predicted 
near the inlet and the exit of the furnace. The 
overall  results  are  encouraging,  given  the 
complexity  of  predicting  lifted  pulverised 
coal flames in such large furnaces with many 
different physical phenomena.
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stream (d2 = 0.1995m, 9.6 m/s) of hot air (773 K). The exhaust (d3 = 0.784m) 
is located at the opposite end of the furnace. The properties of the high-
volatile bituminous coal used in the experiments (Germany, Saarland) are 
summarised in Table 1.

Flow and Combustion modelling
For the gaseous phase, equations of mass and mo-
mentum are solved for an incompressible fluid flow 
(low Mach assumption), where the turbulent viscos-
ity is  obtained from  the Smagorinsky model.  Trans-
port  equations  for  enthalpy  and  the  main  species 
mass  fractions  (O2,  N2,  CO,  CO2,  H2O)  are  are  also 
solved. Gas phase (volatile) combustion is modelled 
using a 2-step Eddy Break-Up (EBU) model adjusted 
for LES, where the constituents of the volatile gases 
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(Eq.3) that treats the products and volatile gases as sole participating me-
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The LES was conducted using the PsiPhi code developed by Kempf and co-
workers. The convective fluxes are approximated by a Central Differencing 
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scheme  for  scalars.  The  radiation  solver  uses the  step  scheme  for  the 
spatial discretisation, whereas angular discretisation is performed with the 
SN quadrature  using  the  S8 scheme  with  80  directions.  The  domain  is 
represented  two  grids of  2.8M  cells  (312x95x95) for  a  resolution  of 
Δ=2.0cm and by 6.7M cells (417x127x127) for a resolution of Δ=1.5cm.

Results
The results show that the axial velocity is well captured both along the 
centreline and radially, with the finer grid giving a better agreement with 
the experiments. An unphysical 'jump' in velocity is observed at the flame 
stabilisation point due to the sudden expansion of the gases in this area, 
which is  likely due to the simple EBU model  adopted.  The flame lift-off 
height is well predicted with the fine grid in terms of temperature but less 
so in  terms of  species,  underlining the difficulty of  experiments  in  coal 
flames. Devolatilisation appears to occur early, as indicated by the solids 
data, but the general  profile is retained. Finally, the incident wall radiat-
ive heat flux is slightly underpredicted over the length of the furnace wall, 
despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-
able from Fig. 3, showing radial profiles of selected quantities.

Conclusions
The  flame  lift-off  height  is  well  predicted 
when  based  on  the  temperature  field.  The 
mean  fields  of  axial  velocity,  temperature 
and species concentrations are well predicted 
near the inlet and the exit of the furnace. The 
overall  results  are  encouraging,  given  the 
complexity  of  predicting  lifted  pulverised 
coal flames in such large furnaces with many 
different physical phenomena.
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represented  two  grids of  2.8M  cells  (312x95x95) for  a  resolution  of 
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Results
The results show that the axial velocity is well captured both along the 
centreline and radially, with the finer grid giving a better agreement with 
the experiments. An unphysical 'jump' in velocity is observed at the flame 
stabilisation point due to the sudden expansion of the gases in this area, 
which is  likely due to the simple EBU model  adopted.  The flame lift-off 
height is well predicted with the fine grid in terms of temperature but less 
so in  terms of  species,  underlining the difficulty of  experiments  in  coal 
flames. Devolatilisation appears to occur early, as indicated by the solids 
data, but the general  profile is retained. Finally, the incident wall radiat-
ive heat flux is slightly underpredicted over the length of the furnace wall, 
despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-
able from Fig. 3, showing radial profiles of selected quantities.
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when  based  on  the  temperature  field.  The 
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is located at the opposite end of the furnace. The properties of the high-
volatile bituminous coal used in the experiments (Germany, Saarland) are 
summarised in Table 1.
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mentum are solved for an incompressible fluid flow 
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ity is  obtained from  the Smagorinsky model.  Trans-
port  equations  for  enthalpy  and  the  main  species 
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using a 2-step Eddy Break-Up (EBU) model adjusted 
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are described  through a  single postulate substance 
(Eq.1). Devolatilisation is modelled by the first-order 
single reaction rate model by Badzioch and Hawks-
ley [2], whereas char combustion is described using 
the intrinsic reaction rate model by Smith [3].

Radiative heat transfer
The radiative transfer equation (Eq.2) is solved by the discrete ordinates 
method.  The gas  absorption coefficient  is  obtained using a  grey model 
(Eq.3) that treats the products and volatile gases as sole participating me-
dia [4]. Both particle absorption and scattering is considered, the particle 
emissivity varies with char burnout according to Eq.4. 

Numerical Modelling
The LES was conducted using the PsiPhi code developed by Kempf and co-
workers. The convective fluxes are approximated by a Central Differencing 
Scheme  (CDS)  for  momentum  and  a  Total  Variation  Diminishing  (TVD) 
scheme  for  scalars.  The  radiation  solver  uses the  step  scheme  for  the 
spatial discretisation, whereas angular discretisation is performed with the 
SN quadrature  using  the  S8 scheme  with  80  directions.  The  domain  is 
represented  two  grids of  2.8M  cells  (312x95x95) for  a  resolution  of 
Δ=2.0cm and by 6.7M cells (417x127x127) for a resolution of Δ=1.5cm.

Results
The results show that the axial velocity is well captured both along the 
centreline and radially, with the finer grid giving a better agreement with 
the experiments. An unphysical 'jump' in velocity is observed at the flame 
stabilisation point due to the sudden expansion of the gases in this area, 
which is  likely due to the simple EBU model  adopted.  The flame lift-off 
height is well predicted with the fine grid in terms of temperature but less 
so in  terms of  species,  underlining the difficulty of  experiments  in  coal 
flames. Devolatilisation appears to occur early, as indicated by the solids 
data, but the general  profile is retained. Finally, the incident wall radiat-
ive heat flux is slightly underpredicted over the length of the furnace wall, 
despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-
able from Fig. 3, showing radial profiles of selected quantities.

Conclusions
The  flame  lift-off  height  is  well  predicted 
when  based  on  the  temperature  field.  The 
mean  fields  of  axial  velocity,  temperature 
and species concentrations are well predicted 
near the inlet and the exit of the furnace. The 
overall  results  are  encouraging,  given  the 
complexity  of  predicting  lifted  pulverised 
coal flames in such large furnaces with many 
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is located at the opposite end of the furnace. The properties of the high-
volatile bituminous coal used in the experiments (Germany, Saarland) are 
summarised in Table 1.
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(Eq.3) that treats the products and volatile gases as sole participating me-
dia [4]. Both particle absorption and scattering is considered, the particle 
emissivity varies with char burnout according to Eq.4. 
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The LES was conducted using the PsiPhi code developed by Kempf and co-
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scheme  for  scalars.  The  radiation  solver  uses the  step  scheme  for  the 
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Δ=2.0cm and by 6.7M cells (417x127x127) for a resolution of Δ=1.5cm.

Results
The results show that the axial velocity is well captured both along the 
centreline and radially, with the finer grid giving a better agreement with 
the experiments. An unphysical 'jump' in velocity is observed at the flame 
stabilisation point due to the sudden expansion of the gases in this area, 
which is  likely due to the simple EBU model  adopted.  The flame lift-off 
height is well predicted with the fine grid in terms of temperature but less 
so in  terms of  species,  underlining the difficulty of  experiments  in  coal 
flames. Devolatilisation appears to occur early, as indicated by the solids 
data, but the general  profile is retained. Finally, the incident wall radiat-
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despite retaining the correct shape. 

Further details on the development of the flow and scalar fields are avail-
able from Fig. 3, showing radial profiles of selected quantities.
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Temperature [K] 463.15 773.15

Figure 4:  Predicted incident wall  radiative 

heat flux compared to experimental data.

(1a)

(1b)

(2)

(3)

(4)

Table 1: Proximate and ultimate 

analysis of the coal, as received 

and on a dry basis respectively.

Proximate Analysis [% wt.]

Fixed Carbon 59.5

Volatiles 31

Ash 7.5

Moisture 2

Ultimate Analysis [% wt.]

C 74.65

H 4.7

O 11.08

N 1.12

S 0.85

Figure 1: Sketch of the burner  and  the computational domain.

Figure 2: Mean axial simulation data compared to experimental values: velocity and temperature (left), O2 and CO2 

mole fractions (middle) and volatile content and ash solid coal particle mass fractions (right). 

Figure 3: Mean radial profiles of simulation data compared to experimental values:  axial velocity, gas temperature 

and O2 and CO2 molar fractions (left to right) . 
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Aachen OXYCOAL-AC furnace

Proximate Analysis [wt %]
Moisture 8,4
Ash 4,1
Volatile Matter 46,6
Fixed Carbon 40,9

10

kg/h O T 
o

Coal feed 6,5 - -
Primary 17,6 0.19/ 40
Secondary 26,6 0.21/0.79 60
Tertiary 1,5 0.21/0.79 60
Staging 
stream 

54,9 0.21/0.79 900
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[Toporov et al, 2008]

Realistic swirl burner 
Oxyfuel 
40 kWth



Simulation 

Cartesian grid: 400 x 400 x 800 mm 

Grid: Δ = 1mm, 128 million cells  

384 cores, 2 weeks (~1000€) 

Ca. 2.5 million numerical particles 

Cray XE6m at Duisburg-Essen & Cluster of Chair
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Please note: No signal from 

staging stream! (no particles!)
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Please note: No signal from 

staging stream! (no particles!)

„Invisible“ staging 

air. (n
o signal!)
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Please note: No signal from 

staging stream! (no particles!)

„Invisible“ staging 

air. (n
o signal!)

Next step:

Reject samples with too 

few particles in cell.

(Possible with LES)



Axial Velocity

separate scaling
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Gas Temperature
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Mass Fraction CO
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Mass Fraction H2O
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Eddy Viscosity

separate scaling
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Symposium 2014

separate
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Assessment by a reviewer: 
!

“Oxy-fuel coal combustion systems will not 
be in operation soon (most probably even 
never) so the authors should orient their 
efforts to the air burning of low quality 
coals…“
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Figure 2: Total volatile yield for the used UK bituminous coal as
a function of the coal heating rate using predictions from di↵erent
devolatilization models.

energy and the Q-factor were 1.335⇥1011, -0.114, 160, and
1.2, respectively.

5.2. Eulerian Predictions

Figure 3 shows means and instantaneous views of the
axial velocity, tangential velocity, CO2 mass fraction, and
H2O mass fraction for the medium grid simulation and
a physical run time of 0.38 seconds. Here, only half of
the length of the furnace is shown. The central jet of air
has enough momentum to penetrate the IRZ as seen in
Fig. 3(a), diluting the hot gases inside (see Figs. 3(c) and
3(d)). Figures 3(a) and 3(b) show a well defined drop-
shaped IRZ with a negative axial velocity and a minimal
tangential velocity. Interestingly, di↵erent layers of swirl
are observed in Fig. 3(b).

Figure 3: Mean and instantaneous views of the axial velocity (a),
tangential velocity (b), CO2 mass fraction (c) and H2O mass frac-
tion (d), from the medium grid simulation. The radial distance nor-
malised by the furnace radius is shown between -1 and 1, and the
axial distance normalised by the furnace diameter is shown between
0 and 1.

Figures 3(c) and 3(d) show that the flame is stabilised
very close to the burner exit. At the top of the IRZ the
mass fractions of CO2 and O2 are quite in-homogeneous in
contrast with the homogeneous lower part of the IRZ. Par-
ticles are subjected to rather high heating rates as soon as

they reach the IRZ and devolatilization occurs in a very
short time. A fluctuating dispersion of particles will re-
sult in a non-constant release of volatiles and therefore in
fluctuating combustion rates. Fig. 3(c) shows that there
are two main zones of CO2 production - one just down-
stream of the burner, within the IRZ, and another one
downstream of the vortex breakdown. In the latter zone,
CO2 is produced via char combustion of the particles that
have enough momentum to cross the IRZ.

Figure 4: View of selected Eulerian fields from the fine grid sim-
ulation. (a) Axial view of temperature; (b) Axial view of O2 mass
fraction; (c) Transversal view of viscosity ratio (µt/µl); (d) Transver-
sal view of O2 mass fraction. Subfigures (a) and (b) show the near
burner only, in a window covering only one third of the computa-
tional domain in both axial and radial direction. Subfigures (c) and
(d) correspond to a quarter of the transversal circular plane corre-
sponding to the middle section of the simulated domain.

Figure 4 shows close up views of selected Eulerian fields
from the fine grid simulation, for a physical run time of
0.15 seconds. Subfigures 4(a) and 4(b) correspond to a 3
fold magnification of the near burner region. Subfigures
4(c) and 4(d) show a quarter of the transversal circular
plane corresponding to the middle section of the simu-
lated domain. Figure 4(a) shows the temperature field.
Close to the burner the temperature is very high, where
methane and volatile combustion occurs. Further down-
stream, where volatile combustion is still occurring due to
the continuous release of volatiles by the particles, it is
possible to observe small dots which are due to the influ-
ence of the particles on the temperature field (note that
the largest particles are half the size of the cell in diame-
ter). Figure 4(b) shows the O2 mass fraction. The central
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Summary
LES of coal combustion is a reality (new paradigm!) 
Pilot-scale combustors can be predicted reasonably 
Now: Time to apply and time to improve sub models 

Subgrid modelling 
Devolatilisation Modelling 
Radiation 

Gas phase combustion (M. Rieth, Duisburg) (Flamelets, 
DFG Project with Hasse, Kronenburg) 

Biomass combustion (M. Rabacal, Duisburg)
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