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Auto-ignition and 
ame propagation e�ects in
LES of burned gasesdiluted turbulen t combustion

By P. Domingoy, L. VervischyA N D D. Veynantez

The impact of burned gaseson 
ame stabilization is analyzedunder the conditions of a
laboratory jet-
ame in vitiated co
ow (Cabra et al. 2005). In this experiment, mass
o w
rate, temperature, and the exact chemical composition of hot products mixed with air
sent toward the turbulent 
ame baseare fully determined. Auto-ignition and partially
premixed 
ame propagation are investigated for these operating conditions from simu-
lations of protot ype combustion problems using fully detailed chemistry. Using available
instantaneous speciesand temperature measurements, a priori tests are performed to
estimate the prediction capabilities of chemistry tabulations built from these archety-
pal reacting 
o ws. The links between auto-ignition and premixed 
amelets tables are
discussed,along with the parameterscontrolling their low dimensionalmanifolds. Large-
Eddy Simulation of the turbulent diluted jet 
ame is then performed, taking advantage
of the observed self-similar behavior of the �ltered chemical tables.

1. Intro duction
Recirculating burned gasesexist in most combustion systemswhere fuel and oxidizer

are mixed with combustion products beforethey enter the main combustion zone.These
recirculating hot products carry thermal energy that may help 
ame stabilization. They
arealsouseful to dilute the reaction zones,which homogenizesthe mixture and avoids the
large temperature levels responsible for NOx emissions.In gasturbine combustion cham-
bers,hot recirculating combustion products contribute to 
ame stabilization downstream
of the swirled injection (Schneider et al. 2005). In car engines,Engine Gas Recirculation
(EGR) is oneof the studied options to control ignition in HomogeneousChargeCompres-
sion Ignition (HCCI) engines,there the chemical composition of the burned gasesplays
a key role (Subramanian et al. 2006). Burned gasesare also present in furnaces,where
they contribute to 
ame stabilit y. For a high level of 
ame dilution by burned gases,the
Moderate or IntenseLow-oxygen Dilution (MILD) (Cavaliere & De Joannon2004)or the
Flamelessregimesare observed (Tabaccoet al. 2002). In the latter, very high dilution by
burned gasesleadsto a strong decreaseof temperature gradients followed by a dramatic
reduction of NOx emission.

Accordingly, almost no practical combustion systemsexist where recirculating burnt
gasesare not intimately involved in the process;they control part of the behavior of the
turbulent reaction zones.The accurate control of recirculating hot products is now the
main target of many designstudiesdevoted to real combustion chambers.Nevertheless,so
far, only a few studies have discusseddilution by burnt gasesin the context of turbulent
combustion modeling (Daly et al. 2005).

A variety of combustion regimescan be observed downstream of a non-premixed in-
jection of reactants within recirculating burned products. The high temperature of the
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Re D (mm) V (m/s) T (K) X O 2 X N 2 X H 2 O X C H 4

FUEL JET 28 000 4.57 100 320 0.15 0.52 0.0029 0.33
COFLO W 23 300 210 5.4 1 350 0.12 0.73 0.15 0.0003

Table 1. Conditions for the lifted methane-air jet 
ame in a vitiated co
o w. Re: Reynolds
number, D: Diameter, T: Temperature, X : Mole fraction, from Cabra et al. (2005).

gasescan favor auto-ignition, the partial premixing of fuel with oxidizer can lead to the
development of partially premixed 
ame propagation and, further downstream, di�usion

ame burning is likely to develop. Chemistry tabulation is discussedfor these various
regimes in the context of Large-Eddy Simulation (LES). Links between the a priori
distinct auto-ignition, premixed, and di�usion 
amelets low dimensional manifolds are
evidencedfor the operating conditions of the lifted methane-air jet 
ame in a vitiated
co
ow experiment reported by Cabra et al. (2005). Subsequently , this chemistry tabu-
lation is combined with Presumed Conditional Moment (PCM) Sub-Grid Scale (SGS)
modeling (Vervisch et al. 2004, Domingo et al. 2005) to perform LES of the turbulent
lifted jet 
ame in a vitiated stream.

2. Auto-ignition and 
ame propagation in a diluted jet 
ame
2.1. Conditions of the Cabra et al. experiment

The exact chemical composition and mass
o w rate of recirculating burnt gasesare of-
ten di�cult to accurately calibrate and measurein real combustion chambers. To gain
greaterunderstandingof 
ame stabilization in environments whereburnt gasesdominate,
Cabra et al. (2005) designeda laboratory vitiated burner in which the injection condi-
tions of reactants and hot products are fully determined. In addition to detailed scalar
measurements, Reynolds-AverageNavier-Stokes(RANS) calculations werealso reported
in Cabra et al. (2005). The burner consistsof a round fuel jet issuing into a co
ow of hot
combustion products. This vitiated stream is obtained from hydrogen/air lean premixed
combustion (equivalenceratio � = 0:4) and it is mainly composedof H2O and air 
o wing
at 1350K. The central fuel jet mixture is composedof 33%CH4 and 67%air, by volume
(equivalenceratio � = 4:4). The bulk velocity of the fuel jet and of the co
ow velocity
are of the order of 100 m/s and 5.4 m/s respectively. The geometry of the burner and
the operating conditions are summarizedin Table 1. This burner con�guration was �rst
usedto study H2/N 2 jet 
ame in vitiated co
ow (Cabra et al., 2002).

2.2. Auto-ignition and 
ame propagation in diluted combustion

Various 
ame propagation scenarioshave been discussedto explain experimental and
numerical observations of lifted 
ame stabilization in the caseof gaseousand spray in-
jection, with or without swirl (Mu ~niz & Mungal 1997,Marley et al. 2000,Sommereret
al. 2004,Domingo & Vervisch 2006).Flame stabilization was attributed to the existence
of more or lessdistorted partially premixed fronts interacting with turbulence and prop-
agating against the incoming 
o w. In the presenceof hot products, the reactants are
partially premixed with gasesthat bring additional energythat can help with 
ame sta-
bilization, mainly through thermal e�ects that reduce the auto-ignition delay, increase

ame speedand diminish 
ame sensitivity to quenching. Thesee�ects may be counter-
balancedwhen too much of diluent is mixed with the reactants, then the reaction zones
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Figure 1. Left: Ignition delay versusequivalence ratio. Right: Flame speed versusmixture
fraction.

development is reduced becauseof the additional presenceof thermal ballast and the
lack of reactivit y of the highly diluted mixture. In the Cabra et al. experiment, the fresh
reactants issuing from the central jet are mixed with hot product (H2O) and air before
the turbulent 
ame basedevelops,somewherebetweenX/D = 30 and 40. X denotesthe
vertical axis of the burner and D the diameter of the fuel jet (Table 1). Upstream of the

ame base,scalars (temperature, speciesconcentrations) follow a responseof the form
' m (Z ) = Z ' F ;o + (1� Z )' O;o , whereZ is the mixture fraction, the subscripts F ;o and O;o

denote a quantit y in pure fuel or vitiated streamsrespectively (ZF ;o = 1 and ZO;o = 0).
The stoichometric point is located at Zs = 0:1769. For every mixture fraction ranging
between the 
ammabilit y limits, a set of diluted reactants ' i are generated. Ignition
delays and freely propagating premixed 
ames are subsequently computed for thesecon-
ditions, chemistry is described with the 49 speciesdetailed in the GRI 3.0 methane-air
mechanism (http://www.me.b erkeley.edu/gri-mech/), SENKIN and PREMIX (Kee et
al. 1992) softwares have been used with complex transport properties. The results are
collected in two chemical tables, Y AI

i (Z; t) for the perfectly mixed reactors,usedto com-
pute autoignition delays, and Y P F

i (Z; x) for premixed 
amelets; t is the time coordinate
in the reactor and x the position through the premixed 
ame. The Flame Prolongation
of Intrinsic low dimensional manifold (FPI) method is adopted (Giquel et al. 2000), the
tables are reorganizedwith the progressof reaction Yc(Z; � ) = YC O (Z; � ) + YC O2 (Z; � ),
where� denoteseither time or position. By eliminating the � coordinate betweenYi (Z; � )
and Yc(Z; � ), two-dimensional manifolds capturing autoignition and 
ame propagation
are obtained:

Y AI
i (Z; Yc) ; Y P F

i (Z; Yc) (2.1)

Figure 1 (left) shows the smallest values of ignition delay versusequivalenceratio � =
Z (1 � Zs)=[Zs(1 � Z )]. A minimum value of this delay of the order of 4 ms is found for
� � 0:02 (Z � 0:00427); theseobservations are similar to thesereported by Cabra et al.
(2005). Autoignition delays rapidly increasefor equivalenceratio above unit y. Therefore
autoignition is more likely to contribute to stabilization on the very lean side of the
axisymmetric mixing layer. This implies constraints for simulations of such vitiated com-
bustion problems.For �xed boundary conditions (chemical gascompositions and vitiated
stream temperature) and �xed chemical scheme, small variations in the description of
mixing on the lean sidewould be accompaniedby large variations of ignition delay, which
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Figure 2. Left: Temperature pro�les through representativ e premixed 
ames. Solid line: � = 1.
Dash line: � = 0:27. Dotted dash line: � = 0:16. Dotted line: � = 3:16. Right: Characteristic

ame thickness.

may strongly impact the turbulent 
ame basestreamwise location. It is therefore crucial
in the simulations to carefully capture the mixing up to the mixture fraction points that
are well below the stoichiometric value. The LES mesh resolution needsto be kept suf-
�cien tly high when approaching the vitiated co
ow stream and the overall accuracy of
the numerical schemeusedto transport scalarsshould be high enough.

The 
ame speedresponseto mixture fraction is plotted in �g. 1 (right). For Z > 0:1, it
featuresa usual shape with a maximum level of 3.6 m/s in the vicinit y of the stoichiomet-
ric condition. On the lean side,however, the speedincreasesmostly asa result of the high
temperature of the vitiated stream. Solutions for premixed 
ame propagation exist up to
Z � 0:02 (� � 0:1), with a 
ame speedof the order of 5 m/s. The temperature increase
becomesvery small for these lean 
ames, as shown in �g. 2 (left). Nevertheless,it can
be anticipated that 
ame propagation may also promote 
ame stabilization on the lean
mixture iso-surfaces,since the co
ow maximum velocity (5.4 m/s) is of the sameorder
as the lean maximum 
ame speed.This may occur when autoignition was not successful
due to local 
o w conditions, or just after autoignition has initiated combustion. A mea-
sure of the reaction zonethickness,� L , may be evaluated for each equivalenceratio from
the maximum gradient of Yc in the unstretched laminar 
ame � L = Yc

E q=max(dYc=dx),
where Yc

E q is the equilibrium condition of the progressof reaction (see�g. 2 right). The
dilution by hot products contributes to an increaseof the characteristic reaction zone
thicknesson the lean side,whereautoignition delays are small and the 
ame speedslarge.
With chemistry tabulated from the relations 2.1, to fully resolve the Yc signal describing
the reaction zones,the mesh resolution h � � L =10 must be between h < 0.03 mm and
h < 0.2 mm, depending on the local equivalenceratio. Notice that much thinner (more
than an order of magnitude smaller) radical layers are embedded within the Yc signal.
Thesewould needto be resolved in fully detailed chemistry simulations of this jet 
ame.

2.3. A priori tests of chemistry tabulation from experiments

Single-point speciesconcentration measurements are available for the Cabra et al. (2005)
experiment (http://www.me.b erkeley.edu/cal/V CB/Data/V CMAData.h tml). The instan-
taneousmeasuredvaluesof Yc = YC O + YC O2 (using CO LIF) and Z are usedto construct
chemical 
ame structures from Y AI

i (Z; Yc) and Y P F
i (Z; Yc), the autoignition and pre-
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Figure 3. Conditional mean versus mixture fraction, a priori tests from measurements. Left
column from top to bottom: CO, CH4 , H2O mass fractions. Right column: CO2 , CH4 , temper-
ature. Symbols: Measurements. Solid Line: FPI database. Dashed Line: Autoignition database.
From bottom to top, streamwise position X/D = 40, 50, 70.

mixed 
amelet chemical tables (Eq. 2.1). From every single-point measurement, Z and
Yc are extracted and then enter the tables to get Y AI

i and Y P F
i . For every point of the

measurements, three valuesof Yi are then available, one from the measurements and two
from the tables. Conditional meansare computed as averagesof those points for a given
bin in Z . The comparisonof



Y AI

i jZ �
�

and


Y P F

i jZ �
�
, the resulting conditional means

versus mixture fraction, with their measuredvalues provides a direct a priori test of
such chemistry tabulation. The results are shown in �g. 3, where it is seenthat responses
from autoignition and premixed 
amelets tables are very close.The 
ame structure in
mixture fraction spaceis well captured on the lean side. On the rich side, the tabulated
responsesdeviate from the measurements. Part of this deviation may be attributed to the
appearanceof di�usion 
ame e�ects leading to 
uxes in mixture fraction spacethat are
not included in the chemical tables (Fiorina et al. 2005). Far downstream (X/D = 70),
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Figure 4. Reaction rates of various speciesplotted versus the progress variable mass fraction
Yc = YC O + YC O 2 : _! c ( ); _! C H 4 ( ); _! O 2 ( ); _! C O 2 ( ); _! C O ( );
_! H 2 O ( ); _! O H ( ). Left: auto-ignition; right: freely propagating one-dimensional
premixed 
ame. Mixture fraction Z = 0:149. Reaction rates are given in s� 1 . At the location
where � Yc reaches its maximum, _! P F

C H 4
=� Yc � 200 (seerelations 3.2).

Figure 5. Comparison of @Yk =@Yc in the auto-ignition ( ) and the propagation ( )
databasesfor methane (CH 4 , left) and carbon monoxide (CO, right). Conditions are the same
as in �g. 4.

where di�usion 
ame burning may be expected to dominate, the deviation from mea-
surements is also apparent on the lean side. Conclusionsfrom thesepreliminary apriori
tests indicate that the turbulent 
ame basecan be approximated with a combination of
autoignition and premixed 
amelet chemical tables, but a more careful analysis would
be required to capture the 
ame further downstream.

3. Linking auto-ignition and 
ame propagation in low-dimensional manifolds
For a �xed valueof the mixture fraction Z o, the low-dimensionalmanifolds,Y AI

i (Z o; Yc)
and Y P F

i (Z o; Yc), describing autoignition and premixed 
amelets are controlled by the
balanceequations

�
@Y AI

i

@t
= � _! AI

i ; � 0SL
@Y P F

i

@x
=

@
@x

�
� D

@Y P F
i

@x

�
+ � _! P F

i (3.1)

whereusual notations are adopted. From the relations r Yi = (@Yi =@Yc)r Yc and r 2Yi =
(@2Yi =@Y 2

c )jr Ycj2 + (@Yi =@Yc)r 2Yc, and eliminating Yc budgets (Eqs 3.1 applied to Yc),
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the relations 3.1 may be reorganizedas:

_! AI
c

@Y AI
i

@Yc
= _! AI

i ; _! P F
c

@Y P F
i

@Yc
= _! P F

i + � Yc

@2Y P F
i

@Y 2
c

(3.2)

where � Yc = Djr Ycj2 is the scalar dissipation rate of Yc measured in the premixed

amelets. These last relations show that di�erences between the tables occur in the
molecular di�usion term, expressedin terms of the scalar dissipation rate in Eq. 3.2.
This point is illustrated in �g. 4, where reaction rates of various speciesare displayed
versusYc. The two responsesmainly di�er in the burnt gasregion, which is larger in the
phasespacefor auto-ignition (Yc � 0:06) than for premixed 
ame (Yc � 0:07). Because
of molecular di�usion, absent in homogeneousauto-ignition, products and heat di�use
toward fresh gasesin premixed 
ames, modifying the hot burnt zone.Note also that the
OH reaction rate is always positive for auto-ignition whereasthis radical, transported
by molecular di�usion, is consumedon the fresh gas side of premixed 
ames. Despite
thesedi�erences observed on chemical sources,the slopes@Yi =@Yc measuredin the two
manifolds stay very closefor major speciesand (@Yi =@Yc)AI � (@Yi =@Yc)P F as shown in
�g. 5 for methaneand carbon monoxide. Combining the relations 3.2with the assumption
that slopesstay very closecreatesa direct link betweenthe two low-dimensionalmanifolds
usedto simulate the Cabra et al. (2006) experiment:

� _! AI
i =

_! AI
c

_! P F
c

�
�� Yc

@2Y P F
i

@Y 2
c

+ � _! P F
i

�
(3.3)

Figure 6 comparesautoignition sourcesestimated from their direct tabulation and from
Eq. 3.3. An interesting agreement is obtained for main speciessuch as methane and
carbon monoxide. Some of these observations are now used for LES of lifted 
ame in
vitiated co
ow.

4. LES of a turbulen t diluted jet-
ame
The SGS
ame structure may be approximated using PCM, a closurebasedon beta-

shape presumed probabilit y density function initially formulated in a RANS context
(Vervisch et al. 2004),then extendedto LES of premixed turbulent combustion (Domingo et
al. 2005). Filtered scalarsand sourcesmay be cast in the form:

e' (x; t) =

1Z

0

�
' jZ � ; x; t

�
eP(Z � ; x; t) dZ � (4.1)

From the above analysis,combustion is likely to begin with autoignition, and rapidly fol-
lowed by 
ame propagation. But whenautoignition cannot initially occur, 
ame propaga-

tion may also be the stabilizing mechanism. The conditional �ltered means
�

' jZ � ; x; t
�

must beorganizedto capture this peculiar structure of the lifted 
ame in mixture fraction
space.Accounting for theseobservations and for the fact that chemical tables are almost
the same for low levels of the progressof the reaction, it is proposed to approximate�

' jZ � ; x; t
�

from the autoignition and premixed 
amelet tables according to

�
' jZ � ; x; t

�
= (1 � c)

1Z

0

' AI (Z � ; c� )P(c� ; x; t)dc� + c

1Z

0

' P F (Z � ; c� )P(c� ; x; t)dc� (4.2)
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Figure 6. Comparison of auto-ignition ( ), propagation ( ), and reconstructed igni-
tion ( , Eq. 3.3) reaction rates for methane (CH 4 , left) and carbon monoxide (CO, right).
Conditions are the sameas in �g. 4. D is assumedconstant.

where c = Yc=Y E q
c is a progressvariable. Mixture fraction and progressvariables are

assumedindependent (notice that this applies to c that is a normalized quantit y, but not
to the progressof reaction Yc or to any other quantit y ' = Yi of the tables, Vervisch et

al., 2004). Then, c = �Y c=�Y
E q
c and cv = Ycv = gY E q2

c + eYc
2
(1= gY E q2

c � 1=gY E q
c

2

), where
cv = cc� cc and Ycv = gYcYc � eYc eYc denote SGS variances.For these �rst simulations,
the basic algebraic closure �Y cv = Cv � � 2jr eYcj2 + Cv (� 2ScT =� T )( g_! Yc Yc � e_! Yc

eYc) is
chosenfor the SGSvarianceof the progressof the reaction, with Cv =1.5 and ScT = 0:6
(Domingo et al. 2005). Other quantities necessaryto presumethe PDFs, eZ , Zv , and eYc

are obtained from their balanceequations:

@� eZ
@t

+ r � � eu eZ = �r � � Z + r �
�

� Dr eZ
�

(4.3)

@�Z v

@t
+ r � � euZv = �r � � Z v + r �

�
� D r eZv

�
� 2� Z v � r eZ � 2s� Z (4.4)

@� eYc

@t
+ r � � eu eYc = �r � � Yc + r �

�
� D r eYc

�
+ � e_! Yc (4.5)

The SGS turbulent 
uxes, � Z , � Z v , and � Yc are expressedusing the �ltered structure
function closure of Lesieur et al. (2005). The SGS scalar dissipation rate is modeled as
s� Z = �Z v =(� 2� T ), where � is the characteristic �lter size and � T is the SGS eddy
viscosity given by �ltered structure function modeling. The �ltered sourcesof progress
of reaction e_! Yc and of energy are analytically expressedfrom the relations 4.1 and 4.2,
as discussedin the next section.

The set of Navier-Stokesequationsin their fully compressibleform are solved together
with above equations.A fourth-order �nite volume skew-symmetric-like schemeproposed
by Ducros et al. (2000) is adopted for the spatial derivatives.This schemewasspeci�cally
developed for LES and is combined here with second-orderRunge Kutta explicit time
stepping. Acoustic wavesare included in the fully compressibleformulation and Navier-
Stokescharacteristic boundary conditions are retained (Poinsot & Lele 1992). The mesh
is composed of 2150,000nodes with a characteristic mesh size h that veri�es 0.3 mm
< h < 2.5 mm. Its spanwise and streamwise lengths are 28D and 90D respectively.
Turbulence is generatedin the inlet plane following the procedureproposedby Klein et
al. (2002).
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Figure 7. Snapshot iso-Q for Q= VF =2D , VF is the fuel jet bulk velocity.

4.1. Self-similar SGS chemistry tabulation

As discussedby Naudin et al. (2006), the self-similarity behavior of laminar premixed

ames evidencedby Ribert et al. (2006) may be extendedto turbulent 
ames. The mean,
or �ltered, reaction rate of speciesis then split into two categoriesof contributions related
to the reactants mixing ( eZ ; Zv ) and to the progressof reaction (c;cv ). This decomposition
was found valid for both, autoignition and premixed 
ame propagation. The �ltered
burning rate may be written:

e_!
�
c � max[ _! c]� F �

c (c; Sc)G�
c ( eZ ; SZ ) (4.6)

where� denoteseither \ AI " for the autoignition table or \ PF " for the premixed 
amelet
tabulation. Sc = cv =(c(1 � c)) and SZ = Zv =( eZ (1 � eZ )) are the unmixednessof the
reaction progress variable and the mixture fraction. The functions F �

c and F �
c (c;Sc)

read

F AI
c (c;Sc) = AAI

c (sc)
�
cbAI

c (sc ) (1 � c)cAI
c (sc ) + min

�
c; dAI

c (sc)
�

+ min
�
1 � c;dAI

c (sc)
�

� dAI
c (sc)

�
(4.7)

GAI
c ( eZ ; SZ ) = AAI

z (sZ ) eZ bAI
Z (sZ )

�
1 � eZ

� cAI
Z (sZ )

(4.8)

F P F
c (c;Sc) = AP F

c (sc) cbP F
c (sc ) (1 � c)cP F

c (sc ) (4.9)

GP F
c ( eZ ; SZ ) = AP F

Z (sZ ) eZ bP F
Z (sZ )

�
1 � eZ

� cP F
Z (sZ )

(4.10)

With theseequations,sourceterm databasesare reducedfrom four-dimensionalmatrixes,
depending on ec, cv , eZ , and Zv , to thirteen vectors (AAI

c , AAI
z , AP F

c , AP F
Z , bAI

c , cAI
c ,

dAI
c , bAI

z , cAI
z , bP F

c , cP F
c , bP F

z , cP F
z ) discretized on twenty values of segregationfactors,

saving a signi�cant amount of memory, a point of major importance on massively parallel
machines. Simulations reported below have been performed using this self-similar SGS
chemistry tabulation. The exact valuesof the various parametersand functions are not
given here due to spacerestrictions, but they can be provided upon request.

4.2. LES results

The development of the turbulent jet is shown in �g. 7, which displays iso-surfaceof
one positive value of Q = � 0:5(@eui =@x j )(@euj =@x i ), a quantit y useful to detect resolved
coherent structures (Hunt et al 1988). A transverse cut of the burning rate at X =
52D is shown in �g. 8 (left), with two iso-mixture fraction lines corresponding to the
position of the stoichiometric surfaceand the maximum 
ame velocity. At this location,
combustion mainly occurs along the stoichiometric surface, with the maximum 
ame
velocity mixture (Z = 0:02) bordering the reaction zone. The jet centerline average,
< eT > , and 
uctuations, < eT eT > � < eT >< eT > , of temperature suggestthat the
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Figure 9. Radial pro�les of average temperature (left) and mixture fraction (righ t). Symbol:
Measurements. Solid-line: LES. From bottom to top, streamwise position X/D = 15, 30, 40, 50.

turbulent 
ame baseposition is well captured (�g. 8-right). These quantities have been
averagedover 4 
o w times (measuredfrom averageinlet velocity and streamwise length
of the computational domain). Radial pro�les of meantemperature and mixture fraction
are averagedin both time and spaceusing the axi-symmetric character of the 
o w and
compared to measurements in �g. 9. Most of the mean 
ame structured is reproduced.
Conditional meansin mixture fraction spaceareconstructed from LES results (see�g. 10.
The temperature and CO responsesare reproduced at the 
ame base,but the CO mass
fraction is over-estimatedat X = 70D. This could beattributed to di�usion 
ame burning
(among other possiblecausesassociated with chemistry description), con�rming the need
for accounting for di�usion 
ame behavior downstream of the turbulent 
ame base.

5. Conclusion
The impact of burnt gaseson 
ame stabilization has beenstudied using autoignition

and premixed 
amelet chemistry tabulations under the operating conditions of a labo-
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Figure 10. Conditional mean versus mixture fraction. Symbol: Measurements (instan taneous
quantit y). Solid-line: LES (�ltered quantit y). Left: Temperature. Right: CO massfraction, circle:
LIF, square Raman. From bottom to top, streamwise position X/D = 40, 50, 70.

ratory lifted jet 
ame in vitiated co
ow. LES using a combination of these tabulations
was found to reproduce most of the major chemical properties of this 
ame. In future
work, the detailed structure of the 
ame basewill be further analyzedfrom thesesimula-
tions in the light of the links that wereevidencedbetweenthe autoignition and premixed

amelets chemical tables.
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