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Hydrocarbon/O2 kinetic model - pollutant formation
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Hydrocarbon/O2 kinetic model - pollutant formation
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Pollutant formation prediction in large scale application

= Turbulent flow field
= Air/Fuel stratification
= Multiple combustion regimes

= Heat losses etc...

CO: NO :
= Intermediate / Product = Fast / Long time scales
species = Slow recombination /
Reburning

* Detailed chemistry too expensive

* Reduced order chemistry models needed to limit the
simulation CPU cost



= Global optimized
mechanisms

= Tabulated
chemistry

= Systematically
reduced chemistry:

I. Skeletal
2. Analytically reduced

Chemistry modeling in LES

* Strategies employed in Large Eddy Simulation to reduce CPU cost associated to
combustion chemistry modeling:

Westbrook et al., (1981)
Jones et al., (1988)
Franzelli et al., (2010)

Peters (1984)

Gicquel et al., (2000)
Van Qijien et al., (2001)
Pierce and Moin (2005)
Fiorina et al. (2010)

Luche (2003)

Lu and Law (2005)

P. Pepiot and H. Pitsch(2008)
Jaravel et al., (2016)

Low CPU cost
Temperature, flame speed

Limited range of operating conditions
Pollutant...

Detailed chemistry

Flamelet regime
Multiple coordinates, Flame index

Accurate flame structure description
including pollutants

High CPU cost
Size scales with fuel complexity




Reduced order chemistry models in LES
* Define a new reduced transported species method:

. . Reduce the nhumber ecies and reactions
Detailed chemlstry Reduced chemistry

Alternative method

Virtual chemistry (M. Cailler et al. 2017)

= Build-up reduced chemical mechanisms from
scratch

= Use virtual species and virtual reactions

" Build-up dedicated sub-mechanisms to predict
flame quantities of interest.



Virtual kinetic mechanisms

e Virtual kinetic scheme composed by:

» [V virtual species )/,
* /V,.virtual reactions

Species properties

k=N. k=N.
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Kinetic rate parameters
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o The strategy relies on optimizing:

. . optimization loo
 the number of virtual species and P P
virtual reactions

» thermodynamic properties of virtual Reference database computed with detailed

species chemistry:
e reaction rate parameters of the virtual 0D Reactors
scheme Equilibrium calculations

| D laminar calculations (premixed and/or
M. Cailler, N. Darabiha, D. Veynante and B. Fiorina. Building-up virtual optimized mechanism for non pr'emixed’ nQn-adibatic’ etc.. .)
flame modeling. Proceeding of the Combustion Institute (2017)



Virtual optimized mechanisms methodology

mzn(f (ZEU> B f (ZEd>) f(i) Selected flame quantities

Thermodynamic
QTQ_J << Qj‘vi 8 Transport

Kinetic

Detailed chemistry
mechanism
|
Computation of

- Navier Stokes equations :

§ solver ;
representative configuratons e I .......................... l ........
Reference flame library : Main mechanism for flame/ Sub-mechanisms for
* Equilibrium computations flow field interaction prediction pollutant species
: * Mixture properties CO block
*1D-flame archetypes: Optimization * Temperature

: NOyx block
* |-D unstretched premixed flames loop * Density
* Heat Release

PAH block
e |-D counterflow diffusion flames

 |-D non-adiabatic flames (Burner-Stabilized)

Virtual optimized mechanisms

¢ etc...
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* | D-flame archetypes:

M. Cailler, N. Darabiha, D. Veynante and B. Fiorina. Building-up virtual optimized mechanism for

OéOa;OQZ‘

Main virtual mechanism generation procedure
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[Detailed chemistry mechanism ]

Computation of
representative configurations

Reference flame library :
* Equilibrium computations

|-D unstretched premixed flame

| -D counterflow diffusion flames

|-D non-adiabatic flames (Burner-Stabilized)

etc...

flame modeling. Proceeding of the Combustion Institute (2017)

Stepl: Species properties

Cpk, hk7 )\/{77 Dk

Target : Mean mixture properties

Step ll: Kinetic rate parameters
k
Ai) Eai7 Fz

Target : - Temperature
- Flame speed

Virtual
species

Virtual
reactions



Virtual optimized chemistry: Adiabtic/Non-adiabatic conditions

Validation versus the reference solution (GRI3.0)
= Laminar flame consumption speed

- - = Reference AD solution

— Reference NAD solution

- ' Freely propagating

B NAD Virtual - mechanism

|
= Adiabatic

Quenching limit fixed
at S| = 5em/s




Virtual optimized chemistry: Adiabtic/Non-adiabatic conditions

= Laminar flame consumption speed

=| Freely propagating

Validation versus the reference solution (GRI3.0)

= Burner-stabilized |

IR

AP R A I R N

Reference AD solution

Reference NAD solution

NAD Virtual - mechanism

40

35 -

== Adiabatic

11

s Non Adiabatic

Quenching limit fixed
at S| = 5em/s




Virtual optimized mechanisms: pollutants
(CO)

--------------------------------------------------

Detailed chemistry

mechanism Navier Stokes equations

solver
i s o !
Computation of
representative configurations = =
Main mechanism for flame/flow field Sub-mechanisms for pollutant
l interaction prediction species
Reference flame library * Mixture properties
* Equilibrium computations * Temperature
* |-D unstretched premixed flame Optimization * Density
% |-D counterflow diffusion flames loop * Heat Release NO, block
% |-D non adiabatic premixed flamelets
ketc... PAH block

)

Virtual optimized mechanisms

Optimization

loop
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CO pollutant sub-mechanism

3 step mechanism :

Rate of progress

& = As fa(é, Ah)exp (

) (P11 j0s)

RT

qs = Agfa(od, Ah)exp (_5%’4) [F]Fﬁ* [Vl]Fél

capture Yco at
equilibrium

B, . . CO Réo Ry,
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Validation in adiabatic conditions

CH4/air combustion at atmospheric pressure and T fresh of 300K

o-=--0 Reference

- - Virtual - mechanism

b= 1.8

X [mm]

M. Cailler, N. Darabiha, D. Veynante and B. Fiorina. Building-up virtual optimized mechanism for flame modeling. Proceeding of the Combustion
Institute (2017)
M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions prediction. Submitted to Combustion and Flame
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Validation in adiabatic conditions

CH4/air combustion at atmospheric pressure and T fresh of 300K

a=>55.0[s"1] a=155.0[s"!]

5.0 =2.5 0.0 2.5

T [mm]

o---0 Reference

- irtual - mechanism

= No flame index

= No multiple chemical table
coordinates

M. Cailler, N. Darabiha, D. Veynante and B. Fiorina. Building-up virtual optimized mechanism for flame modeling. Proceeding of the Combustion

Institute (2017)

M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions prediction. Submitted to Combustion and Flame
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[-D premixed flame submitted to radiative heat losses

A radiation sink is added to the energy balance equation of the |-D flame solver

(A—> +§k:(kachpk) 1 %:hkwk—l-UE (7% —1T5) =0

upc
P dx dx dx
= CO mass fraction / Flame Front = CO mass fraction / Post Flame
0.050 — 0.020 _
0.018 -
0.040 Reference solution -
' 0.015 —
= = = = Vijrtual - mechanism - &
0.030 - r_ﬁ(1013'-
| | ]
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o o

0.020 —

0.007 =
_ 0.005 -
0.010 _ — "= No enthalpy
60034 TTTTFE== coordinate
0.000 ]
| ' | ' | ' | ' 0.000 —— | ' | ' | ' | '
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e CO production well captured in the post-flame region / local equilibrium change
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Virtual optimized mechanisms: pollutants

Detailed chemistry
mechanism

|
Computation of
representative configurations

|

Reference flame library

* Equilibrium computations

* |-D unstretched premixed flame

* |-D counterflow diffusion flames

% |-D non adiabatic premixed flamelets

Xetc...

(NO)

Navier Stokes equations
LES solver

Optimization
loop

Optimization
loop

Main mechanism for flame/flow field Sub-mechanisms for pollutant
interaction prediction species

* Mixture properties

* Temperature CO block

* Density

* Heat Release

PAH block

Virtual optimized mechanisms

)
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Virtual sub-mechanism for NO prediction

NO sub-mechanism :

 Challenge : multiple time scale to capture + post-flame reburning effects

Flame Front / Fast NO

P+ NO — F 4 V2 (5) . formation

]

]
Va — NO (7) ° Post Flame / Slow NO

| formation and consumption
]
]
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Validation of the results :

Temperature [K]
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Virtual sub-mechanism for NO prediction

Detailed chemistry

Virtual - mechanism
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Virtual sub-mechanism for NO prediction

Temperature [K]
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Validation of the results :
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

* Test non adiabatic virtual chemistry in a 3-D LES turbulent calculation
e Turbulent premixed swirled burner (Meier et al., Combust. Flame, 2007)

e Previous numerical works reproduce fairly well flow dynamics as well as the mean

flame front position o swirler .
inle
B. Franzelli, E. Riber, L.Y. Gicquel, T. Poinsot, Combust. Flame 159 (2012) 621-637 2 -
S. Roux, G. Lartigue, T. Poinsot, U. Meier, C. Bérat, Combust. Flame 141 (2005) 40-54 | r"h{ | o
V. Moureau, P. Domingo, L.Vervisch, Combust. Flame 158 (2011) 1340-1357 ( %

v Al

B. Fiorina, R.Vicquelin, P.Auzillon, N. Darabiha, O. Gicquel, D.Veynante, Combust. Flame 157 (2010) 465—-475 plenum
R. Mercier,V. Moureau, D.Veynante, B. Fiorina, Proc. Combust. Inst. 35 (2015) 1359—-1366

P. S.Volpiani, T. Schmitt, D.Veynante, Combust. Flame 180 (2017) 124—135 \4
110m

Wal I h eat |OSSeS Geometry of the Preccinsta burner

’ (Moureau et al., Combust. Flame, 201 1)

e But problems for Temperature and
CO prediction in the ORZ,
attributed to chamber wall heat
losses
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

Numerical set-up:
e Wall temperature profile not experimentally provided

e Wall Dirichlet boundary conditions provided by CORIA group (P.Benard et al., 2018) by numerical
simulation conducted with a reference |7 species skeletal scheme (Sankaran et al. 2007)

A NS —R—R=4 (CORIA V.Moureau et al. 201 1)

* Combustion chemistry modeled using non adiabatic virtual mechanisms
(two-step main mechanism and the CO dedicated sub-mechanism )

* Turbulence/Flame interaction: Thickened Flame model for LES (Colin et al., 2000)

oYe 0 (- _ O ([ u ue 1 OV Ea—
ot  Ox; (pquk) - Ox; ( FHASC -1 - )S—ct 8@;) | k

* Sub-grid flame wrinkling (Charlette et al., 2002) with p=0.5.

* Flame sensor based on virtual species source term. (Cailler et al. 2017)
22



LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

= Simulation results : Instantaneous Heat release rate
Adiabatic Coarse 2.7M nodes

23



LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

Simulation results : Temperature / CO Reynolds statistics
Z, = 6mm Z, = 30mm

00 EXP

m— A-COARSE

5 10 15 20 25 30 5 10 15 20 25 30
0.024 - /. = 6mm m Z, = 30mm
170.018 - -
S
>~ 0.012 7 —
-
S 0.006 * * *
= Y- ] -
¢ ¢
0.000 > @0 © ®ec0coeo ® o o ©
| i i | i | | | | | |
5 10 15 20 25 30 5 10 15 20 25 30

r[mm)| r|mm)|
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

= Simulation results : Instantaneous Heat release rate
Adiabatic Coarse 2.7M nodes N-Adiabatic Coarse 2.7M nodes
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

Simulation results : Temperature / CO Reynolds statistics

00 EXP
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—— NA-COARSE
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

= Simulation results : Instantaneous Heat release rate
Adiabatic Coarse 2.7M nodes N-Adiabatic Coarse 2.7M nodes N-Adiabatic Fine 20.9M nodes

w(J/m? .s)
0.000e+00 1e+9 caTERETE I 2;92?00 +09 oooo +00

Transition from a M shape flame toward V shape flame due to heat losses and flame

resolution improvement
27



LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

= Simulation results : Instantaneous CO filtered mass fraction

Adiabatic Coarse 2.7M nodes N-Adiabatic Coarse 2.7M nodes N-Adiabatic Fine 20.9M nodes

VAN AV

YCO YCO YCO

.000 0.01 0.02 0.03 0.040 0.000 0.01 0.02 0.03 0.040 0.000 0.01 0.02 0.03 0.040
ARERNREEN NN ARRRRRNNNRENEEEN ARERNRERN NN

* CO formation impacted by heat losses on the external branch of the flame

e CO is sensitive to mesh resolution.
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LES of a non-adiabatic turbulent premixed flame
(Preccinsta burner)

Simulation results : Temperature / CO Reynolds statistics
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CO-prediction impacted by the turbulent
combustion model (Preccinsta burner)

0.024 — /. = 6mm u Z, = 30mm
00 EXP —
1.0.018 - =
s A-COARSE q \
——— NA-COARSE 3 0.012 — -
== NA- FINE % * * *
= 0.006 - W -
¢ . \\
o @
b 10 15 20 25 30 b 10 15 20 25 30
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* Combined effect of Thickening factor and Efficiency function on intermediate
filtered species prediction (for example CO)

Benard, P., Lartigue, G., Moureau, V., and Mercier R., Large-Eddy Simulation of the lean-premixed PRECCINSTA
burner with wall heat losses Proceedings of the Combustion Institute, 2018.

R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Filtered Wrinkled Flamelets model for Large-Eddy Simulation of
turbulent premixed combustion, Submitted to Combustion and Flame(2018).
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Conclusion

* Reduced combustion chemistry model that allows pollutants prediction
(CO / NO)

* Virtual chemistry validated in the LES context including heat losses

* Mis-prediction of CO attributed to the turbulent combustion model

°* The size of the virtual chemistry mechanisms does not change if
the complexity of the system increases:

* heat losses
* multiple flame regimes

¢ different fuels
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