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INTRODUCTION



• More than 85% of the energy produced today is 
by combustion (it might change!)

• Primary source of propulsive systems
• Main source of pollution
• Climate change effects

INTRODUCTION
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MODELLING COMBUSTION SYSTEMS

• Solving chemistry problem

• Solving fluid mechanics problem (turbulent flows, etc)

Challenges

Fully coupled system!

• Complex geometries

• Moving/rotating parts
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COMBUSTION CHEMISTRY



Chemical kinetics

Represented by 325 reversible chemical 
reactions and 53 reactive species!

COMBUSTION CHEMISTRY

CH4 + 2O2 ! CO2 + 2H2O

Methane combustion



Chemical kinetics

COMBUSTION CHEMISTRY

CH4 + 2O2 ! CO2 + 2H2OMethane combustion
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Challenges in chemical kinetics

Large number of reacting species 

Stiff system

Large number of chemical reactions

Multi-scale problem: large spatial and temporal length scales (slow/fast 
reactions and species)

Strong non-linearities in the source terms

Solving additional transport equations

COMBUSTION CHEMISTRY



Approaches for chemical kinetics

Solve the full system

Reduced chemical schemes

Chemistry tabulation

COMBUSTION CHEMISTRY



• Neglect irrelevant elementary steps
• Identify steady state species 
• Identify main chains for conversion of non-steady state species
• Identify a representative set of global reactions
• Simplify resulting rates by truncation
• Testing the suggested rates
• Identify the limitations of the suggested mechanism

Reduction approach

COMBUSTION CHEMISTRY
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REDUCED MODELS

21 reversible chemical reactions
8 reactive species

P. Saxena & F. A. Williams, Combust. Flame (2006)

P. Boivin, C. Jimenez, A.L. Sanchez and F.A. Williams, Combust. Flame (2011)

H2 oxidation mechanism

COMBUSTION CHEMISTRY



C. Treviño, F. Méndez, Combust. Sci. Tech. (1991)

COMBUSTION CHEMISTRY

H2 oxidation mechanism

Valid only for some regimes!



Approaches for chemical kinetics
Chemistry tabulation

Flamelet-Generated Manifolds 22

x(s)

Y

j

= const

burnt

unburnt

Figure 1: Schematic representation of a premixed flame with the curve x(s) through the flame
front.

Assume 3D flame can be defined by a composition of 1D 
flames (“flamelets”)
Define a controlling variable that defines the unburnt 
mixture and the burnt mixture: RPV
Tabulate all properties depending on that variable 
(“manifold”) 

64 Partially Premixed Flames
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Figure 4.4. The chemical source term ω̇Y of the progress variable in the flamelets used
to construct a 2D FGM for partially premixed flames. Not all flamelets are shown. The
bold line represents the stoichiometric flamelet.

Lewis numbers equal to 1 for all species (Lei = 1). This rather crude assumption results in
a mass burning rate, that is significantly lower than when Lewis numbers not equal to 1 are
applied. The mass burning rate of a stretchless stoichiometric flame equals mo

st = 0.337
and 0.421 kg m−2 s−1 for Lei = 1 and Lei ̸= 1, respectively. Although the absolute values
are different, the behaviour of the mass burning rate as function of the mixture fraction is
similar. The main reason to use Lewis numbers equal to 1 is that it simplifies the analysis
of the results. Since differential diffusion effects are absent in this case, the enthalpy and
element mass fractions are not changed by flame stretch. It is expected that the simplified
reaction and diffusion models do not prohibit us to draw general conclusions about the
structure and propagation of triple flames.

In the FGM method a manifold is constructed from 1D premixed flamelets. Since the
mixture fraction in such flamelets is conserved, changes in the mixture fraction as they oc-
cur in partially premixed flames, have to be taken into account by adding Z as controlling
variable to the manifold. The procedure to add Z as extra controlling variable is similar to
the one described in chapter 2 for adding h as variable to account for enthalpy changes. Be-
cause the triple flames considered here are adiabatic, the enthalpy is not used as additional
controlling variable. In order to add the mixture fraction as additional controlling variable,
the 1D flamelet equations (2.23)–(2.25) are solved for different values of the initial mix-
ture fraction Z−∞ = Z(x = −∞). In this work, the value of Z−∞ is simply changed by
varying the ratio between fuel and air in the initial mixture. It is changed in the range of
0.0280<Z−∞<0.0820 with steps of ∆Z = 0.0005. The resulting 2D manifold is shown in
figure 4.4, where the chemical source term ω̇Y of the progress variable is plotted as func-
tion of the controlling variables Y and Z. The same progress variable as in chapter 3 is
used, which is defined by (3.41). Because Lewis numbers equal to 1 are used, there are no
differential diffusion effects and Z = Z−∞ in each flamelet. Since the progress variable
is scaled with its equilibrium value at stoichiometric conditions, the equilibrium values at
other mixture fractions are not equal to 1. The equilibrium values for fuel-lean mixtures are

Valid only for some regimes!

COMBUSTION CHEMISTRY



LAMINAR FLAMES



LAMINAR FLAMESComparison of laminar premixed and diffusion flames 
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Fuel 

Oxidizer 

Temperature 
Reaction rate 
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Oxidizer 
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Structure of a premixed flame (schematic) Structure of a diffusion flame (schematic) 



Premixed flames
Fuel and oxidizer are mixed prior entering the 
combustion chamber
Due to thermal expansion, the velocity at the flame front 
is increased
Bunsen flame cone is formed at the tip of the tube

Diffusion flames
Fuel and oxidizer enter the combustion chamber separately
Mixing takes place by convection and diffusion
Chemical reactions only take place when fuel and oxidizer are 
mixed at the molecular level
Time-scale of reaction is shorter than time-scale of diffusion

LAMINAR FLAMES



LAMINAR FLAMES



Premixed flames

Thin reaction zone
Strong temperature gradient
Propagation towards fresh gases 
Heat diffusion + reaction
Equivalence ratio 
Progress variable to locate flame front
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LAMINAR FLAMES

Thermal Flame Theory 

Flame front (lean mixture): 
• Complete fuel conversion 
• Excess oxygen remains  
• Temperature rises from the  

initial value Tu to the  
adiabatic flame temperature Tb 

• The area around the 
flame front is divided in  
three zones by Zeldovich  
and Frank-Kamenetzki: 
� Preheat zone 
� Reaction zone  
� Equilibrium zone 

 

5 

YF,u 

Preheat zone  

Reaction zone  F 

Thermal Flame Theory 

Flame front (lean mixture): 
• Complete fuel conversion 
• Excess oxygen remains  
• Temperature rises from the  

initial value Tu to the  
adiabatic flame temperature Tb 

• The area around the 
flame front is divided in  
three zones by Zeldovich  
and Frank-Kamenetzki: 
� Preheat zone 
� Reaction zone  
� Equilibrium zone 

 

5 

YF,u 

Preheat zone  

Reaction zone  F 



LAMINAR FLAMES

Premixed flames
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Premixed flames



Construction of “flamelets” 
for all properties!

LAMINAR FLAMES

Premixed flames



2D premixed methane jet 

LAMINAR FLAMES



2D premixed methane impinging jet 

LAMINAR FLAMES



Non-premixed flames

No flame thickness
No flame propagation speed
Reaction limited by mixing of reactants
Heat loss by convection and diffusion

LAMINAR FLAMES



Dependent on the strain

(The flame extinguishes if the heat losses are 
larger than the heat of reaction)

Represented by mixture fraction Z

Scalar dissipation rate
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to scalar dissipation!
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Non-premixed flames
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Non-premixed flames
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Non-premixed flames



TURBULENT FLOWS



Irregularity (Random and chaotic nature of flow)
Increased exchange of momentum (Diffusivity - spreading rate of jets, boundary layers etc.)
Large Reynolds numbers
Dissipation of kinetic energy to internal energy
Wide range of time and length scales
Almost all practical flows are turbulent.

TURBULENT FLOWS



RANS / LES / DNS

ENERGY: 

Heat flux  Reaction rate  Radiation 

THESE EQUATIONS ARE UNFILTERED, INSTANTANEOUS 

THEY ARE EXACT; THEY CONTAIN TURBULENCE 

THE MAIN ISSUE IS HOW TO HANDLE TURBULENCE ! 
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Experiment or!
DNS 

 RANS: averages 

LES 

Methods for turbulent flows: 
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TURBULENT FLOWS

RANS / LES / DNS



Time-averaged vs instantaneous

TURBULENT FLOWS



SANDIA National Lab

TURBULENT FLOWS

Time-averaged vs instantaneous



Li He, Oxford University (2011)

TURBULENT FLOWS

Time-averaged vs instantaneous
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Temperature leading to 
the death of the turbine

In a turbine:
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Mean temperature

48

Computing the ‘mean’: RANS
• In labs in the 70s
• In industry and commercial codes since 1980
• Result conditioned by models 
• Difficult to provide predictive results for mean flows
• Impossible to adress unsteady combustion (extinctions, 
flashbacks) or combustion oscillations

Temperature field provided by RANS for a diffusion burner

We need to use LES!

TURBULENT FLOWS

Time-averaged vs instantaneous
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Filtering process



Filtering process

TURBULENT FLOWS



Filtering the continuity equation
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Filtering the momentum equation
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Filtering the reaction rate??

Example aF + bO ! cP

!̇fuel = �AT↵exp(�Ea/RT )[Fuel]a[Ox]b

!̇fuel =

�AT↵exp(�Ea/RT )[Fuel]a[Ox]b 6= �A eT↵exp(�Ea/RT )[̂Fuel]
a g[Ox]

b

!̇fuel =

�AT↵exp(�Ea/RT )[Fuel]a[Ox]b 6= �A eT↵exp(�Ea/RT )[̂Fuel]
a g[Ox]

b

Filtering

Taylor expansion

Complex formulations!! 

=

TURBULENT FLOWS



All subgrid scale terms are not always critical for reactive 
flows with heat release.

The turbulent combustion model many times overcomes 
the subgrid scale effects in practical applications

TURBULENT FLOWS



TURBULENT COMBUSTION



TURBULENT COMBUSTION

Turbulent combustion modeling

Filtering the reaction rate is problematic
Chemical reactions take place in thin layers
Turbulence/chemistry interactions affect flame dynamics
The flame dynamics is very different in premixed and non-premixed 
combustion



Combustion takes place in the subgrid scale

Turbulent combustion modeling

TURBULENT COMBUSTION



Approaches for turbulent combustion

Premixed combustion Non-premixed combustion
Eddy-Break-up (EBU)

Bray-Moss-Libby (BML)

Flame surface density

Probability-density functions

G-equation

Eddy-Dissipation Concept (EDC)

Mixture fraction

Conditional-Moment Closure (CMC)

Linear-eddy Model (LEM)

And even more!!

TURBULENT COMBUSTION



TURBULENT PREMIXED 
COMBUSTION



Turbulent combustion model based on 
flame thickening: DTFLES Model

Collaboration with:  
Simon Gövert and J.W.B. Kok, Department of Thermal Engineering, University of Twente 
B. Cuenot and L.Y. Giquel, Combustion Group, CERFACS



sL /
p
D!̇ �L / D/sL

(Collin et el., Physics of Fluids, 2000)Thickened Flame model 

An increase in flame thickness (F > 1) leads to:
Diffusivity must be increased (DF)
Reaction rate must be reduced (    /F)!̇

TURBULENT COMBUSTION



but what about flame/turbulence interactions??

Thickened Flame model (Collin et el., Physics of Fluids, 2000)

TURBULENT COMBUSTION



(Collin et el., Physics of Fluids, 2000)

Damkhöler number

The Damkhöler number reduces!!

Thickened Flame model 

TURBULENT COMBUSTION



(Collin et el., Physics of Fluids, 2000)

F=1, 5, 10 & 25

Thickened Flame model 

TURBULENT COMBUSTION



(Collin et el., Physics of Fluids, 2000)

(Charlette and Meneveau, Combust Flame, 2002)

Thickened Flame model 

TURBULENT COMBUSTION
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Mixing is affected by constant F!!

Thickened Flame model 
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(Durand et el.,  ASME, 2007)Dynamic Thickened Flame model (DTFLES) 

TURBULENT COMBUSTION



(Durand et el.,  ASME, 2007)Dynamic Thickened Flame model (DTFLES) 

TURBULENT COMBUSTION



Dynamic Thickened Flame model (DTFLES) 

TURBULENT COMBUSTION



Examples (Chen et el.,  Combust Flame,1996)

Dynamic Thickened Flame model (DTFLES) 

TURBULENT COMBUSTION



DTFLES TFLES

(Stopford,  ANSYS, 2011)

Dynamic Thickened Flame model (DTFLES) 

Examples

TURBULENT COMBUSTION



(Stopford,  ANSYS, 2011)

Dynamic Thickened Flame model (DTFLES) 

Examples

TURBULENT COMBUSTION



(Wang et al.,  Combust Flame, 2011)

Dynamic Thickened Flame model (DTFLES) 

Examples

TURBULENT COMBUSTION



(Wang et al.,  Combust Flame, 2011)

Dynamic Thickened Flame model (DTFLES) 

Examples

TURBULENT COMBUSTION



Combustion systems
FLOX® combustor - DLR

Collaboration with:  
Simon Gövert and J.W.B. Kok, Department of Thermal 
Engineering, University of Twente 
O. Lammel, Institute of Combustion Technology, DLR 
German Aerospace Centre



Progress towards the CFI model in 
ALYA for RANS and LES on the DLR 

burner!
Daniel Mira, Simon Gövert, Mariano Vazquez, Guillaume 

Houzeaux and Jim Kok

provide a comprehensive data base for the validation of numerical
simulations. Key points were thus well-defined boundary condi-
tions, very good optical access, and mechanical and thermal
stability over long measuring runs.

2.1 Burner and Combustion Chamber. The burner con-
sisted of a single stainless steel tube with an inner diameter d as
shown in Figs. 1(b) and 1(c). The tip was slightly chamfered at
the outer contour and rose 2 d above the stainless steel burner base
plate. The nozzle was positioned at 3.5 d distance from the com-
bustion chamber wall referring to the longer side a, and centered
at 2 d distance in perpendicular direction. The off-center arrange-
ment was selected to obtain a pronounced recirculation on one
side of the jet flow, thereby shaping a flow field in analogy to the
inner recirculation zone of a FLOXVR combustor.

The combustion chamber had a rectangular cross section with
edge lengths of a! b¼ 5 d! 4 d (Fig. 1(b)). It consisted of three
segments with a length of 20 d each, mounted together to an over-
all height of h¼ 60 d (Fig. 1(a)). The walls of the combustion
chamber were quartz glass plates with reasonable thickness to
minimize heat exchange with the surrounding. At top and bottom
of these segments stainless steel plates were placed for stability
and assembly reasons, with a very small height compared to the
glass section length. As a result, the confined jet flames had
mainly contact with hot glass walls, providing a very good optical
access in addition. Each segment was also equipped with a water-
cooled supporting frame (not shown in Fig. 1).

Both burner and combustion chamber were mounted on a base
plate and could be positioned relatively to the stationary laser
measurement setups with a three-axis translation stage. The laser
sheet section plane for two-dimensional measurement techniques
(PIV, OH-PLIF) is indicated in Fig. 1(b); the locations for the
Raman point measurements lay in the same plane. The width of
the short side of the combustion chamber of b¼ 4 d was chosen as
a minimum distance of the glass walls for Raman measurements;
smaller gaps would result in damaging the quartz glass due to the
used high laser power densities.

2.2 Infrastructure. Figure 2 shows a schematic diagram of a
part of the equipment necessary for operating and measuring the

confined jet flames. Dry combustion air was fed into an electrical
preheater consisting of a Leister heating cartridge mounted in an
isolated pressure housing [18]; the heating element was adapted to
the desired air mass flows. The cartridge’s phase angle control
loop achieved a temperature stability of DTph< 2 K. Behind the
preheater, a separate air flow loaded with seeding particles for the
velocity measurements could be added to the combustion air mass
flow. During the velocity field measurements the sum mass flow
and temperature were kept constant at the level of the operating
conditions of the unseeded experiment.

The fuels methane and hydrogen were added to the combustion
air inside a static mixer (Sulzer SMI DN 25 [19]) by a radial injec-
tion in the mass flow. The used static mixer was laid-out for the
operating conditions of the flames presented in this work. A ther-
mocouple was mounted at the end of the settling section of the
mixer (TC1 in Fig. 2). Subsequent to the mixer the premixed
methane/air or hydrogen/air mass flow was piped by a flexible
tube (length 1 m). The straight and un-narrowed section below the
burner nozzle exit had a length of ltube > 40 d. Mixer, hose and the
adjacent straight tube were thermally isolated.

Both the seeding air and the fuels were added with room tem-
perature to the air mass flow. A second removable thermo- couple
was positioned at the jet nozzle exit (TC2 in Fig. 2). Prior to each
test series the designated preheat temperature Tph was adjusted at
TC2 with all mass flows at operating conditions, and a setpoint
value for TC1 was thus determined. TC2 was dismounted before
the ignition of the flame.

2.3 Flame Stabilization and Operating Conditions. The
confined jet methane/air flames can only be operated in a re-
stricted stoichiometry region at atmospheric pressure. The stabil-
ity ranges of the flames were investigated for different preheat
temperatures Tph (jet exit temperatures) of 473 K, 573 K and
673 K, and varying jet velocities vjet¼ 90#150 m/s. The corre-
sponding Reynolds numbers calculated for an air jet flow cover
the range from 13,983 to 42,410.

Starting at stoichiometric conditions (k¼/¼ 1) the fuel mass
flow was decreased until the flames started to become unstable or
the lean blow out limit was reached. In Table 1 the stability limits
are specified.

Fig. 1 Burner and combustion chamber
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Figure 6: Comparison of one-dimensional laminar premixed flame results for the temperature and selected
species.

quartz glass to allow for optical access required for laser-based measurements. Due to the combustor design,
conductive heat losses to the wall are significant and a distinctive feature of the test case.

A sketch of the geometry is given in Fig. 7. Small geometrical details are removed in order to improve
the meshing procedure. To reduce the computational requirements, the computational domain is sorthened
and extends up to 40 nozzle diameters d. As the flame is short respect to the combustor, the outlet of the
computational domain is still located su�ciently far away from the region of interest. For the same reason,
the length of the inlet pipe is also reduced.

 4d 

 4
0d

 

A

A
SECTION A-A

B

 5d 

 7
d 

 3.5d 

DETAIL B

d  

 2
d 

Figure 7: Sketch of the confined jet flame geometry as used in the CFD simulation.

4.2. Simulation setup

In this section, the setup for RANS and LES simulations is presented. The boundary conditions at the
inlet are set with top-hat profiles for temperature, progress variable and velocity. A random profile of white
noise at 10% of turbulent intensity is superimposed to the velocity profile for LES. No-slip conditions are
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Fig. 6 PIV results. (a)–(d) methane/air flame, (e)–(g) hydrogen/air flame. (a) and (e) streamline plots of the mean flow field.
(d) RMS values. All others instantaneous flow fields.

Fig. 7 OH*-CL and PLIF results. (a) – (e) methane/air flame. (a) averaged OH*-CL image. (b) OH*-CL RMS values. (c) compo-
sition of PLIF single shot images. (d) and (e) randomly selected PLIF frames at two different measurement positions. (f)
hydrogen/air flame, averaged OH*-CL image.

Fig. 8 Raman results for methane/air flame. (a) average fuel distribution c(CH4). (b) average oxygen distribution c(O2). (c) av-
erage temperature field T. (d) average water distribution c(H2O). (e) average carbon dioxide distribution c(CO2), (f) corre-
sponding RMS values rc(CO2).
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set for the velocity at the walls in the LES, while a law-of-the-wall is used for RANS. The domain has been
extended in the streamwise direction coarsening the grid to allow for the formation of a sponge layer and
outflow conditions are applied for all variables at the outlet. Adiabatic walls are assumed for the adiabatic
cases. For the non-adiabatic case, the exact heat transfer conditions are unknown as no experimental
measurements were conducted. Therefore, the wall boundary conditions are approximated by isothermal
walls at Tw = 800 K.

The spatial discretization is based on the Finite Element method using the Variational Multiscale Sta-
bilization technique [19]. A second-order Crank-Nicholson time integration scheme is used for LES, while
a first order implicit backward Euler is used to obtain steady state solutions for RANS. Several grids with
di↵erent resolution have been investigated to evaluate the dependency of the results with the mesh size. For
the sake of brevity, only the results with the finest grids of 5.0M elements will be presented here.

4.3. Results

This section addresses the comparison of the numerical simulations for RANS and LES using the proposed
combustion model with the experimental data from Lammel et al. [14]. The main flow features can be
identified from the instantaneous fields presented in Fig. 8. The measured axial velocity is compared to the
velocity predicted by the LES simulation. The lateral recirculation zone created by the o↵-centre positioning
of the jet nozzle can be identified. This recirculation is well known to provide flame stability by bringing back
upstream the hot products of combustion. The local structures of the velocity observed in the experiments
are accurately reproduced by the LES fields. These structures are caused by shear layer instabilities and also
a↵ect the temperature fields. These unsteady structures enhance the mixing process between hot products
and cold reactants and, therefore, play an important role in the convective heat transfer.

(a)

(b)

(c)

Figure 8: Instantaneous fields of axial velocity (a) experiments and (b) simulation; and temperature (c)
simulation.

A quantitative evaluation of the prediction capabilities of the proposed model for both RANS and LES
is obtained by the comparison of axial profiles located at di↵erent locations: one, two, four, ten and fifteen
nozzle diameters downstream of the jet exit. In Fig. 9, the time averaged results of the LES simulation
are presented for di↵erent heat loss modelling approaches. In the most trivial approach, heat loss to the
combustor walls is neglected and adiabatic conditions are applied. In the second approach, heat loss is
taken into account by imposing isothermal boundary conditions for the enthalpy equation but the e↵ect of
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the heat loss on the chemical reactions is neglected. In the last approach, the e↵ect of heat loss on the
chemical reactions is taken into account by the introduction of an additional dimension in the chemistry
tabulation (see section 2.1.3). The predicted axial velocity is in agreement with the measurements at all axial
locations and only a small influence of the heat loss modelling approach is observed. The correct prediction
of the transversal velocity is more di�cult to capture due to the small absolute values and requires longer
averaging times. Next to the relatively higher uncertainty in the measurements, there is an influence of
the time-average period in the results at downstream locations. However, the flow features are correctly
predicted at most locations with minor di↵erences among the cases. The temperature profiles evidence the
strong influence of heat loss in this burner configuration that contributes to the reduction of the burning rates
and peak temperatures. The reduction of the peak temperature is already well predicted by the modelling
approach in which the e↵ect of the heat loss on the chemical reactions is neglected. It is found that the
flame length is more accurately predicted taking into account the reduction of the reaction rates by heat
losses. The temperature in the recirculation zone is slightly underpredicted by the simulation. This is most
likely caused by the thermal boundary condition at the walls, which is constant along the entire combustor.
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Figure 9: Profiles of time-averaged axial and transversal velocity and temperature for the LES simulations
(blue: adiabatic, red: non-adiabatic, green: non-adiabatic with heat loss in chemistry [adiabatic result still
need to be updated]).

The corresponding root-mean-square (RMS) values for the LES are presented in Fig. 10. The fluctuations
at the shear layer are well predicted by the LES even though the magnitude is not captured accurately at
all locations. Temperature fluctuations are also in good agreement with the experimental data, although
the rms values are underpredicted for the case without heat losses in the chemistry at the last measurement
location due to the wrong location of the flame front. For both non-adiabatic cases, the fluctuations at
locations close to the jet nozzle in the recirculation zone are slightly underpredicted.

The same simulations are performed using the RANS formulation and the results are shown in Fig. 11
for comparison. Both, axial and transversal velocity, are accurately predicted at all measurement locations.
Only the transversal velocity in the recirculation zone is slightly overpredicted. Almost no di↵erences in
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Figure 11: Profiles of time-averaged axial and transversal velocity and temperature for the RANS simulations
(blue: adiabatic, red: non-adiabatic, green: non-adiabatic with heat loss in chemistry).

the chemistry tabulation based on the RPV for an accurate description of the chemical kinetics at reduced
computational cost.

Results are presented for a turbulent premixed jet flame confined in a rectangular combustion chamber.
The main flow features are predicted correctly in both RANS and LES. The coherent structures due to
the free shear layer are reproduced by the LES. Di↵erent approaches for the modelling of heat losses are
presented and compared with the experimental data. It is shown that the influence of heat loss on the
chemical reactions can be neglected in order to predict the peak temperatures but needs to be taken into
account for a correct prediction of the flame length. The flame length can not be accurately computed in the
RANS simulations due to the underprediction of the turbulent mixing and the convective heat transfer in
the shear layer. LES fields show a good overall agreement with the experimental data and better predictions
are expected with more appropriate thermal boundary conditions at the walls.
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Fig. 3.7: Plan de l’injecteur avec le plénum (à gauche), l’alimentation en carburant (au centre)

et le swirler (à droite)
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Figure 1: Schematic representation of the Preccinsta test rig.

Figure 2: In the Preccinsta mesh the cells are smaller in the flame region. The atmosphere is
taken in account by using a meshed box around the flame tube.

5

vanne) dont le diamètre est de l’ordre du millimètre : la vitesse d’éjection est donc très

élevée (de l’ordre de 100 m/s) garantissant ainsi un mélange optimal. Les Fig. 3.8 et 3.9

donnent un aperçu de la CAO du swirler et des orifices d’injection.

Fig. 3.8: Vue arrière du swirler (CAO) avec les douze trous d’injection de méthane et les trois

fentes d’alimentations en air

Le carburant utilisé est du méthane pur (CH4). Les débits respectifs d’air et de méthane

peuvent varier de façon complètement indépendante mais l’expérience a prouvé qu’il ne

fallait pas dépasser certaines limites sous peine d’endommager les fenêtres de quartz de la

chambre de combustion de façon irrémédiable. La puissance thermique nominale donnée

par Turboméca pour cet injecteur est de l’ordre de 70 kW. Dans la configuration du DLR,

il a été constaté que 35 kW était le maximum à ne pas dépasser pour garantir une durée de

vie raisonnable aux parois de la chambre. À la stœchiométrie, cette puissance correspond

à des débits massiques de l’ordre de 12 g/s pour l’air et 0.7 g/s pour le méthane.

75

Fig. 3.9: Vue avant du swirler (CAO) et détail sur les douze fentes ainsi que sur le nez

76
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Fig. 3.15: Vue détaillée du maillage

Fig. 3.16: Agrandissement au niveau du plénum, de l’injecteur et de la zone où la flamme est

attendue

84

3.2.4 Remarques sur la taille du maillage

3 millions de cellules constituent une taille caractéristique de "gros" calculs qui peuvent

être réalisés avec les moyens informatiques dont nous disposons à l’heure actuelle. La

Table 3.1 donne un ordre de grandeur du coup de calcul associé à ce maillage pour les

deux cas étudiés. Enfin, en plus de la puissance de calcul nécessaire pour réaliser de telles

simulations, se posent également les problèmes liés au stockage des données instationnaires

(une solution instantanée occupe environ 100 Mo), à la visualisation et au post-traitement.

cas non-réactif cas réactif

efficacité 250 µs 400 µs

1 itération sur 1 processeur 3 minutes 5 minutes

1 temps convectif sur 64 processeurs 14 heures 24 heures

Tab. 3.1: Ordre de grandeurs du temps de calcul pour les deux cas simulés.

Fig. 3.14: Vue globale du maillage (avec l’atmosphère)

83

Fig. 3.17: Détail du maillage de l’injecteur

85
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6 mm
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252 B. Franzelli et al. / C. R. Mecanique 341 (2013) 247–256

Fig. 4. (a) Visualization of the experimental PRECCINSTA burner [19]. Isolines of heat release identify the reaction zone. (b) Computational half-domain.
Mesh comprises about 5 millions of tetrahedral cells.

pulsating where for φ = 0.83 the flame keeps stable. Laser Raman scattering measurements are available for concentration
of the major species (CH4, CO, CO2, H2O, H2, N2 and O2) and for temperature in vertical planes (y, z) at eight different
axial positions downstream of the injector (h = 6,10,15,20,30,40,60,80 mm, where h = 0 mm corresponds to the exit
plane of the nozzle) for at least five radial positions r (Fig. 4(a)). The systematic and statistical uncertainties are less than
4% and 2.5% respectively for temperature and less than 5% and 7% respectively for almost all species except for CO and H2
for which statistical uncertainty is between 20 and 50% [19].

Numerous simulations have been performed [24–28] assuming a perfect mixing between methane and air at the nozzle
exit, which simplifies the computational work. Only recently, fuel/air mixing has been explicitly computed including fuel jets
into the swirler in order to estimate the impact of the perfect premixing assumption on thermo-acoustic instabilities [12].

In this work, LES are performed without the perfect mixing assumption on the same unstructured mesh which is shown
in Fig. 4(b). Dry air and pure methane are injected separately at ambient temperature (T f = 320 K) with air mass flow
ṁair = 734.2 g/min and methane mass flow ṁCH4 = 35.9 g/min, corresponding to the stable operating point (φ = 0.83). The
numerical setup proposed in [12] has been used to perform all computations to guarantee consistent comparisons of the
results and to correctly identify the impact of the reduced chemical mechanisms. A Taylor–Galerkin weighted residual central
distributions scheme is used for numerical integration [29]. The interaction between chemistry and turbulence is modeled
by the Dynamically Thickened Flame (DTFLES) model [30]. The sensor activating the flame thickening is based on the net
production rate of CO and CO2 species, which guarantees an equivalent thickening for all chemistries in both the reaction
and the post-flame zones. The behavior of the DTFLES model and its sensor has been verified on laminar unstrained flames
for the six reduced mechanisms. The inlets for methane and air and the outlet are described by Navier–Stokes Characteristic
Boundary Conditions (NSCBC) [31] to ensure a physical representation of the acoustic wave propagation and reflection. An
adiabatic no-slip condition is applied to the walls.

3.2. Analysis of results

In Section 2, the GRI3.0 detailed mechanism has been used as the reference and the LU analytical scheme has shown
very good agreements with it on the studied laminar configurations. As using the GRI3.0 mechanism to perform LES in the
target burner is computationally too expensive, the LU scheme is used as the reference in the following. When analyzing
the results, the LU scheme is first compared to the experiments before comparing the performances of the other five
mechanisms to the LU results. Fig. 5 compares the mean temperature profiles in the vertical mid-plane cut. In Fig. 5(a),
the comparison between experiments and the LU results shows good agreement. The discrepancies are likely to be due to
some numerical simplifications, such as combustion model, numerical discretization and adiabaticity assumption. Indeed
evaluating the temperature both on the ORZ and in the near wall region is inaccurate when neglecting wall heat losses and
radiation effects.

Figs. 5(b)–5(f) compare the LU mechanism with the five other mechanisms. Although the overall agreement is acceptable,
the chemical models show non-negligible discrepancies. As already said, the flame length is expected to be related to the
consumption rate of the reactants, i.e. the consumption speed SC . The higher the consumption speed, the quicker the
reactants are burnt and consequently the shorter the flame is. The flames predicted by the 2S_CH4_BFER and the JONES
mechanisms confirm the results of the laminar counterflow flames where both schemes overestimate SC . As expected,
the modified 2S_CH4_BFER* scheme predicts a longer flame than the 2S_CH4_BFER mechanism. The analytical schemes
reproduce a correct flame length. Discrepancies are detected also for the post-flame region. The 2S_CH4_BFER flame reaches
rapidly the equilibrium state in agreement with results for laminar freely propagating flames, whereas a recombination zone
touching the wall downstream of the flame (−40 mm < r < −30 mm and 25 mm < h < 50 mm) is detected when using
analytical schemes. Globally, the flame structure strongly depends on the chemical description used.

Figs. 6 and 7 display the mean and fluctuating profiles at five sections (h = 6,10,20,30 and 60 mm) in terms of tem-
perature and CO mass fraction, respectively. The experiments [19] and the LU results are compared to the results obtained
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Scaled PCS combustor SGT5800H - SIEMENS

Collaboration with:  
Enric Illana and Lukasz Panek, Siemens AG, Energy Sector 
Simon Gövert and J.W.B. Kok, Department of Thermal Engineering, University of Twente 

 

Meeting bei Siemens > Rainer Lückerath  > 09.03.2011 > Folie 4
Institut für Verbrennungstechnikconfidential

vertraulich

Status of work package 2.2
WP 2: Validation of scaled systems at high pressure test rig with optical access

Burner and combustion chamber assembled 9

Instrumentation finished 9

Meeting bei Siemens > Rainer Lückerath  > 09.03.2011 > Folie 6
Institut für Verbrennungstechnikconfidential

vertraulich

Status of work package 2.3 - 2.6
WP 2: Validation of scaled systems at high pressure test rig with optical access

Diagnostics for general characterization (WP 2.3 and WP 2.6) :
Emission probe measurements of exhaust gases (NOx, CO) 9

Detection of acoustic flame oscillations 9
Visualization of flame shape and position with 
OH* chemiluminescence 9

Combustion systems 
(ongoing)



Siemens SGT-8000H series

SGT6-8000H 
>60% net efficiency 

combined cycle operation

High efficiency through evolutionary 3D blading

Fast cycling capability through fast acting variable guide vanes (VGV)  
Improved efficiency through 4 stages of VGV

All rotating blades replaceable without rotor de-stack or lift

 ■ Emission control and fuel flexibility  
 Advanced Can Annular combustion system

 ■ High performance four stage turbine 
 with advanced materials and thermal 
 barrier coatings on stage 1 and stage 2

 ■ High cycling capability due to fully 
 air cooled hot gas path without 
 cooling air coolers

 ■ Reduced service times through 
 service-friendly design: vane 1 as well 
 as blade 1 and 4 replaceable without 
 cover lift; all turbine vanes and blades 
 replaceable without rotor lift

(Hydraulic Clearance Optimization)

Minimized degradation with HCO  
by protection of clearances at high  

Combustor

Compressor

Turbine

Shaft

Siemens SGT-8000H series 
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PCS combustor SGT5800H - SIEMENS

4

Geometry Overview
AIR MAIN:
T ~ 705 K
p = 0.4 MPa

FUEL (CH4)MAIN:
T ~ 356 K
p = 0.4 MPa

AIR PILOT:
T ~ 703 K
p = 0.4 MPa

FUEL (CH4)PILOT:
T ~ 578 K
p = 0.4 MPa

IGNITOR



ance equations for the atoms C, H and O, and after applying sev-
eral assumptions, an analytical solution for each of the species
mass fraction can be obtained. Further details of this combustion
model can be found in [10].

Alya

The non-premixed database is generated from laminar pre-
mixed flamelets using the code PREMIX [14]. The creation of
the manifolds f( f ,c) differ depending on the flammability re-
gion. While outside flammability limits, mixture averaged prop-
erties are used, laminar premixed flamelets obtained with PRE-
MIX are generated for each value of mixture fraction. The defini-
tion of the progress variable is based on the CSP method, which
obtains the b-vector that weights the contribution of each species
on the reaction progress variable [6].

h =
K

Â
k=1

bkYk (4)

c =
h �hu

hb �hu (5)

This results into a more uniform distribution of the source term
along the span of the reaction progress variable allowing larger
time-steps and reducing the stiffnes of the chemistry [6].

RESULTS AND DISCUSSION

The results of the simulations are presented in this section. A
description of the test case is introduced, followed by the com-
parison of the combustion models at the investigated operating
point in a 1D configuration. Details of the mesh for the full ge-
ometry are provided along with the comparison of the numerical
results with the experimental data. Discussion on key physical
phenomena will also be discussed.

Experimental test case

The burner consists of eight main swirl burners arranged on an
annulus with a pilot swirl burner at the center. The fuel staging
uses 2 fuel lines, which directly inject into the swirling vanes of
the main and pilot burners. The combustor also includes an ig-
nition burner for the engine start-up that can also be considered
in the simulations. The length of the combustion chamber is 380
mm, while a rectangular cross section of 95x95 mm2 double-
glassed windows with air cooling are used for the combustion
chamber walls. The combustion air is preheated up to 704 K,
while cold fuel is injected at a temperature of about 363 K. The
numerical simulations will consider the conditions of the com-
bustor operated at p = 4 bar with a maximum thermal load of
1.2 MW. The conditions imposed at each of the boundaries are
summarized in Table 1.

TABLE 1: Conditions imposed at the inlet and outlet patches.

Mainair,in Main f uel,inPilotair,in Pilot f uel,in Outlet

T (K) 704 363 704 553 -

ṁ (g/s) 636.3 19.9 70.7 2.71 -

Z 0 1 0 1 -

P (bar) - - - - 4

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0  0.005  0.01  0.015  0.02

Y C
O

 

Distance from axis (m)

Alya ER = 0.5
OpFO ER = 0.5

Cantera ER=0.5

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0  0.005  0.01  0.015  0.02

Y C
O

 
Distance from axis (m)

Alya ER = 0.6
OpFO ER = 0.6

Cantera ER=0.6

 0

 0.05

 0.1

 0.15

 0.2

 0  0.005  0.01  0.015  0.02

Y C
O

2 

Distance from axis (m)

Alya ER = 0.5
OpFO ER = 0.5

Cantera ER=0.5

 0

 0.05

 0.1

 0.15

 0.2

 0  0.005  0.01  0.015  0.02

Y C
O

2 

Distance from axis (m)

Alya ER = 0.6
OpFO ER = 0.6

Cantera ER=0.6

 500

 1000

 1500

 2000

 2500

 0  0.005  0.01  0.015  0.02

T 
/ K

Distance from axis (m)

Alya ER = 0.5
OpFO ER = 0.5

Cantera ER=0.5

 500

 1000

 1500

 2000

 2500

 0  0.005  0.01  0.015  0.02

T 
/ K

Distance from axis (m)

Alya ER = 0.6
OpFO ER = 0.6

Cantera ER=0.6

FIGURE 1: TEMPERATURE AND SPECIES MASS FRAC-
TIONS AT TWO EQUIVALENCE RATIOS.
1D flames at full load conditions

Prior conducting the LES simulation of the full combustor, the
combustion models are compared at the operating point of the
combustor in a 1D premixed flame configuration. The results
of the flames at different equivalence ratios with the correspon-
dence temperature after mixing are shown in Fig.1. These results
serve as a means of validation of the laminar databases and also
provide information about the chemical structure of the flames
that will be predicted by the simulations. The results indicate
an acceptable level of correlation between the codes and refer-
ence solution provided by Cantera. The PREMIX solution is not
shown here in order to allow an easy comparison taking Cantera
as a reference solution. It is observed a slight over-prediction of
the equilibrium temperature for the OpenFOAM code that does
not occur in Alya, which is capable to reproduce the Cantera
adiabatic flame temperature. In the case of the species, the dif-
ferences between the two codes become more evident. The same
trend is observed for the prediction of CO2, where OpenFOAM
slight over-predicts the mass fraction. The results indicate differ-
ences for the prediction of CO between PREMIX and Cantera.
In particular, PREMIX generates a chemical structure where part
of CO was not oxidized to CO2, while Cantera assumes a full ox-
idation for the CO. The formation of CO occurs very rapidly on
a small length scale, and the peak values differ between the two
codes. OpenFOAM is not able predict the CO peak value because
CO is calculated from the CO2 mass fraction, and the combustion

3 Copyright c� 2016 by ASME

p = 4 bar, P = 1.2 MW
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CONCLUSIONS

• Combustion is one of the main responsible of the climate change 
for its use in propulsion and power.

• It requires not only correct description of fluid mechanics, but also 
chemistry.

• It adds the complexity of large chemical kinetics to the problem of 
turbulent flows: turbulent combustion modelling.

• Turbulent combustion modelling is based in chemistry reduction 
and turbulent/flame interactions.

• Combustion demands high computing power, in particular, 
turbulent combustion can only be targeted using HPC.

• We need more people working in the combustion community!



Thanks for your 
attention


