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• 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

Background
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Motivation

Optimization of new combustor designs towards systems with:
Increased efficiency 
Low emissions 
Fuel flexibility

Complex physical phenomena requiring multiphysics coupling and 
high-fidelity numerical situations

Develop full-engine simulations with emphasis on the prediction of 
engine performance, prediction of instabilities and pollutant formation
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A. Modelling approach
Multiscale problem
Challenges

B. Physical modelling

Fluid mechanics
Combustion chemistry
Turbulence

Tabulated chemistry
D.  Computational framework

E.  Practical applications
Aeronautical combustor

SGT5-8000H staged can combustor

Outline
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MODELLING APPROACH
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• Solving fluid mechanics 

• Solving chemistry

Multiscale approach

Fully coupled system!

• Complex geometries

• Moving/rotating parts

Modelling approach
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Combustion takes place in the flame front within the subgrid scale

Challenges

Modelling approach



B
ar

ce
lo

na
 S

up
er

co
m

pu
tin

g 
C

en
te

r

PHYSICAL MODELLING
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Navier-Stokes equations
Represented by 325 reversible chemical 
reactions and 53 reactive species!

Chemistry

CH4 + 2O2 ! CO2 + 2H2O

Methane combustion

Physical modelling
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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.

Turbulence

Physical modelling
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Challenges in turbulent combustion

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

Turbulence/chemistry interactions

Solving additional transport equations

Physical modelling
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Approaches for chemical kinetics

Solve the full system

Reduced chemical schemes

Chemistry tabulation

Physical modelling

Infinitely fast chemistry
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Approaches for chemical kinetics
Chemistry tabulation

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”) 

Comparison of laminar premixed and diffusion flames 

5 

Fuel 

Oxidizer 

Temperature 
Reaction rate 

Fuel 

Oxidizer 

Temperature 

Reaction rate 

Structure of a premixed flame (schematic) Structure of a diffusion flame (schematic) 

Laminar flames

premixed flame diffusion flamePhysical modelling

burnt

unburnt

Combustion problem
Modelling approaches

Infinitely fast chemistry
Detailed chemistry
Tabulated chemistry

Motivation

c = 0

We obtain the following relation:

c = 1

Unreacted mixture

Fully reacted mixture 
(equilibrium)
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0 0 … … …
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0 0 … … …
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We use these variables in the CFD code

�, c
p

, µ, Ṡ
c

,MW
mix

Physical modelling

burnt

unburnt

Combustion problem
Modelling approaches

Infinitely fast chemistry
Detailed chemistry
Tabulated chemistry

Motivation

Approaches for chemical kinetics
Chemistry tabulation



B
ar

ce
lo

na
 S

up
er

co
m

pu
tin

g 
C

en
te

r

CFI turbulent combustion model

Turbulent combustion
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Domingo et al. [12] is followed. The subgrid scale part of the scalar dissipation rate is modelled with the
linear relaxation hypothesis and defining a filter width �, the production and dissipation terms are given
by:

P k = 2⇢
⌫t
Sct

|rc̃|2 , Dk = �2⇢
⌫t

�2Sct
fc”2 (21)

In the LES, the turbulent viscosity is computed by the subgrid-scale model. The e↵ect of the variance in the
LES is to thicken the flame front over the LES grid and wrinkling the flame due to the interaction between
the reaction zone and the subgrid scale vortices.

For the coupling of the thermo-chemical database to the full numerical simulation in the non-adiabatic
case, the mean value of the enthalpy scalar ĩ is required. However, no additional transport equation is
required because the enthalpy scalar is linked directly to the enthalpy equation that is introduced in the
next section.

2.3. Governing equations of fluid dynamics

For the sake of simplicity, the governing equations in RANS and LES will be written again in the same
form. However, note that time-averaging is applied in RANS, while spatial-filtering is employed in LES. The
filtered equations governing the reacting flow field are the continuity, momentum and enthalpy equations:
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where the physical variables are represented by the standard notation and the superscript ⇤ stands for the
unclosed terms coming from the filtering or averaging operation. The heat production due to viscous forces
is neglected in the enthalpy equation. The unclosed term in the momentum equation is modelled using the
Wall-Adapting Local Eddy-viscosity model (WALE) [29] in LES, while the k-!-SST [30] is used in RANS.
For both RANS and LES, the unresolved heat flux is modelled using a gradient di↵usion approach [31]:

h⇤ =
µt

Sct
rh̃ (25)

The enthalpy is defined as the sum of the sensible and chemical enthalpy, which is defined for each species
as:

hk =

TZ

T0

cp,kdT +�h0
k (26)

This is the low-Mach approximation, neglecting kinetic energy. The enthalpy of the mixture is then computed
from:

h =
NX

k=1

Ykhk (27)

The temperature is computed by solving the implicit non-linear algebraic equation given by the enthalpy,
using the specific heat capacity at constant pressure based on a polynomial expression. In this calculation,
the NASA coe�cients are used, which have been designed to e�ciently describe thermodynamic data [32].
The coe�cients are tabulated in the database as function of the controlling variables for two di↵erent
temperature ranges allowing the temperature to be evaluated locally during the calculation. In addition
to the thermodynamic coe�cients and the reaction source term, mixture-averaged transport properties are
also tabulated. Mixture-averaged values are used for thermal conductivity and laminar viscosity under the
assumption that the flamelet temperature is matched by the local temperature of the calculation.
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case, the mean value of the enthalpy scalar ĩ is required. However, no additional transport equation is
required because the enthalpy scalar is linked directly to the enthalpy equation that is introduced in the
next section.

2.3. Governing equations of fluid dynamics

For the sake of simplicity, the governing equations in RANS and LES will be written again in the same
form. However, note that time-averaging is applied in RANS, while spatial-filtering is employed in LES. The
filtered equations governing the reacting flow field are the continuity, momentum and enthalpy equations:

@⇢

@t
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RPV

Domingo et al. (2005)

MF

P k = 2⇢
⌫t
Sct

|rf̃ |

Dk = �2⇢
⌫t
�2

gf”2

Domingo et al. (2008)
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COMPUTATIONAL 
FRAMEWORK
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Computational framework

Alya is in the PRACE benchmark suite 

Lindgren - Cray XE6
Sweden

 Jugene - Blue Gene/P
 Germany

Curie - BullX
 France
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Computational framework

Parallel performance

Vázquez et al. (2016)
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PREdiction and Control of Combustion INSTAbilities in 
Industrial Gas Turbines  

(PRECCINSTA) 

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 
W. Meier, Institute of Combustion Technology, DLR German Aerospace Centre 

Fig. 3.3: Prise de vue du montage expérimental

69

Fig. 3.4: Détails du swirler (sans le cône central)

71

Fig. 3.5: Cône central du swirler (en place, vu de la chambre)
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Fig. 3.6: Plan de la chambre de combustion

72

Combustion systems
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Experimental configuration
256 J. Galpin et al. / Combustion and Flame 155 (2008) 247–266

(a)

(b)

Fig. 10. (a) Schematic of the experiment. (b) Photograph of
the flame for a stable case, from [22].

attention was taken to characterize the flow veloci-
ties near the swirler exit. Planar laser-induced fluo-
rescence (PLIF) of OH was also employed; instanta-
neous and mean planar images are available. Mean
and RMS profiles of temperature and mass fractions
were acquired with laser Raman scattering at eight
streamwise positions (Fig. 11b), ranging between the

(a)

(b)

Fig. 11. Position of the probe (a) lines for velocity, (b) for
species and temperature profiles. The LES flame is visual-
ized with an iso-Yc colored by temperature.

flame base and the downstream end of the main turbu-
lent reaction zone. The spatial resolution of the laser
diagnostics is roughly ∆̂LDV = 1 mm for the velocity
measurement, ∆̂LIF = 0.3 mm for the PLIF-OF, and
∆̂Raman = 0.6 mm for Raman scattering.

In the experiment, two flame behaviors were ob-
served, depending on the fuel–air equivalence ratio.

256 J. Galpin et al. / Combustion and Flame 155 (2008) 247–266

(a)

(b)

Fig. 10. (a) Schematic of the experiment. (b) Photograph of
the flame for a stable case, from [22].

attention was taken to characterize the flow veloci-
ties near the swirler exit. Planar laser-induced fluo-
rescence (PLIF) of OH was also employed; instanta-
neous and mean planar images are available. Mean
and RMS profiles of temperature and mass fractions
were acquired with laser Raman scattering at eight
streamwise positions (Fig. 11b), ranging between the

(a)

(b)

Fig. 11. Position of the probe (a) lines for velocity, (b) for
species and temperature profiles. The LES flame is visual-
ized with an iso-Yc colored by temperature.

flame base and the downstream end of the main turbu-
lent reaction zone. The spatial resolution of the laser
diagnostics is roughly ∆̂LDV = 1 mm for the velocity
measurement, ∆̂LIF = 0.3 mm for the PLIF-OF, and
∆̂Raman = 0.6 mm for Raman scattering.

In the experiment, two flame behaviors were ob-
served, depending on the fuel–air equivalence ratio.

PRECCINSTA

No. 
CellsMesh 1 8M

Mesh 2 14M
Mesh 3 20M

f = 0.046

T 

Ux 
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PRECCINSTA
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inner reacting layer is hardly a↵ected at all by the heat loss to the outer walls. The small
e↵ect of the heat loss on the chemical kinetics also explains the good flame dynamics pre-
dictions reported in previous studies of the test case, in which adiabatic thermal conditions
are applied. The comparison of case 3 and case 4 reveals a small e↵ect of radiative heat
transfer for this test case. The temperature in regions at equilibrium conditions is reduced
about 50 K. Colder regions and the flame shape are not a↵ected.
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Figure 16: Mean temperature and RMS profiles: Experiments ( ), perfectly premixed, adiabatic simulation
( ), perfectly premixed, non-adiabatic simulation in which the chemistry is not a↵ected by heat loss
( ), perfectly premixed, non-adiabatic simulation ( ) and perfectly premixed, non-adiabatic simulation
including radiative heat transfer ( ).

The predicted CO mass fraction visualized in Fig. 15c reveals highly reduced peak values
in the reacting layer for the isothermal simulation, indicating that the chemical composition
is e↵ected by the heat loss to the walls. The mass fraction profiles of the major species
CH4, CO2 and H2O are presented in Fig. 17 comparing the di↵erent simulations with the
experiments.

In general, the peak locations are captured by all simulations. However, the strength
of the predicted peak value is significantly a↵ected by the interaction of the heat loss with
the chemical kinetics. While the equilibrium conditions are almost identical for all cases,
the prediction of the composition in the reacting layer is significantly improved for the

25

Validation LES (mean temperature)

PRECCINSTA
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PRECCINSTA

adiabatic isothermal

(a) Velocity Streamlines coloured by velocity magni-
tude

⇥
m
s

⇤

adiabatic isothermal

(b) Temperature [K]

adiabatic isothermal

(c) Mass fraction CO [�]

Figure 15: Mean fields for adiabatic (left) and heat loss simulation (right).

temperature values do only slightly di↵er for the two di↵erent cases. This can be explained
by the compactness of the flame in combination with the high momentum. Additionally, the
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Effects of heat losses

Velocity Temperature CO mass
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Scaled 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



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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Flow description

SGT5800H Siemens

Main

Pilot

Ignitor



B
ar

ce
lo

na
 S

up
er

co
m

pu
tin

g 
C

en
te

r



B
ar

ce
lo

na
 S

up
er

co
m

pu
tin

g 
C

en
te

r

SGT5800H Siemens

Validation
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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.
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