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Abstract

Flames stabilization and pollutant formation in confined combustion cham-

bers are affected by heat losses. Reliable numerical simulations must account

for such complex phenomena at a reduced CPU cost. The aim of the present

work is the development of a comprehensive reduced chemistry model able

to account for the impact of heat losses on chemical flame structure. The

recently developed virtual chemistry concept has shown promising capabili-

ties to capture detailed chemistry effects with a reduced set of virtual species

and kinetic reactions in adiabatic flame conditions. The approach consists

in : i) using a virtual main chemical mechanism coupled to the flow solver

equations to predict temperature and heat release, ii) designing satellite sub-

mechanisms dedicated to the description of pollutant formation phenomena.

The virtual mechanism is trained to recover the properties of an ensemble

of target flames. Here burner-stabilized flamelets are introduced in the ref-

erence database to capture the influence of heat-losses on flame heat release
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and pollutant formation. The present approach is validated in 1D laminar

burner stabilized flames and radiative freely propagating flame configura-

tions. Finally the non adiabatic virtual chemistry is used to perform LES

of a premixed turbulent combustion chamber submitted to wall heat losses.

Comparison against experiment shows that non adiabatic simulation cap-

tures well the flame shape, the temperature and the CO prediction.

Keywords:

Heat losses, Kinetic scheme optimization, Turbulent flames, Large Eddy

Simulation

1. Introduction

By reducing the temperature and the flame consumption speed, heat

exchanges affect the flame stabilization mechanisms [1, 2] as well as major

species and pollutant formation [3]. In addition, combination of heat losses

and flow strain effects promote local extinction, at the origin of incomplete

fuel consumption [4]. The proper capture of flame heat losses is therefore

crucial for numerical simulations of industrial combustion chambers [5].

The task is however challenging as these mechanisms are governed by

complex interactions between turbulence and chemistry [6]. As the direct

inclusion of detailed chemistry in Large Eddy Simulation (LES) of real scale

combustion chambers is prohibitive, three main reduction routes are cur-

rently employed [7]: i) Mechanism reduction leading to analytically reduced

mechanism [8, 9]. Despite the recent promising application of analytic chem-

istry to a swirled combustor [10], the computational costs along with nu-

merical stiffness remain restrictive. ii) Chemistry tabulation [7, 11]. Heat
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transfers are handled by adding a dedicated coordinate (usually the enthalpy)

to the look-up table [12–14]. However tabulated chemistry shows some lim-

itations when the encountered flame structures differ from the tabulated

archetypes [15]. Multiple flame archetypes has to be considered, which both

complicates the generation of the chemical look-up table [16–18] and causes

memory issues [19, 20]. iii) Empirically reduced global mechanisms [21, 22]

constitute another CPU efficient strategy, currently used to perform LES of

industrial scale combustion chambers [23, 24]. However, these schemes only

capture global flame properties on a limited range of operating condition and

cannot predict pollutants.

An alternative method called virtual chemistry has been recently devel-

oped [25, 26] (see S1) to face the above mentioned limitations. This strat-

egy consists in designing a virtual mechanism composed of virtual reactions

and virtual species whose thermo-chemical properties are optimized to target

”real” flame properties of interest by combustion engineers (such as temper-

ature, pollutant concentration etc.). A virtual main mechanism dedicated to

capture the temperature and heat release [25] and a satellite sub-mechanism

for CO prediction [26] have been validated in both laminar premixed and

non premixed adiabatic configurations. The objective of the present work is

to extend both virtual schemes to non-adiabatic configurations in order to

perform a LES of turbulent flame submitted to heat losses.

The virtual schemes are developed in Sec 2 and tested in Sec 3 on two con-

figurations: a laminar premixed flame submitted to radiative heat transfers

and the semi-industrial Preccinsta turbulent combustion chamber [27]. Both

adiabatic and non-adiabatic LES of the Preccinsta combustor are performed
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to investigate the capability of the virtual chemistry approach to capture

the effect of heat losses on flame shape and CO formation. Finally a mesh

refinement analysis is performed to investigate the impact of the turbulent

combustion model on the numerical results.

2. Non-adiabatic virtual chemical scheme

As discussed in detail in [26], a virtual chemical scheme is decomposed

into a main mechanism and a satellite sub-mechanism dedicated to pollutant

formation prediction. Here, the main 2-step mechanism, which aims to pre-

dict the heat release and the flame temperature has the following structure:

αvFF + αvOxOx→ αvII (R1)

αvII →
Nv

P∑

k=1

αvPk
Pk (R2)

where αvχ are the stoichiometric coefficients per mass unit of the virtual

species χ. The symbols F, Ox and I, respectively, represent the fuel, the

oxidizer and a virtual intermediate species. The burnt gases composition is

modeled by a mixture composed of Nv
P virtual products Pk. A non reactive

dilutant species D is added to the virtual mixture having the same thermo-

chemical properties as the real species N2. Real thermo-chemical properties

are retained for fuel and oxidizer as well. The following satellite 3-steps

mechanism is proposed to predict the CO formation:

αvFF + αvOxOx→ αvCO + (1− αv)V1 (R3)

F + V1 → F + CO (R4)

CO ↔ V2 (R5)
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where V1 and V2 are two virtual species.

2.1. Thermochemical equilibrium

2.1.1. Temperature

The thermodynamic properties of each species k is defined by the vector

ψk = (cpk , hk), where cpk and hk denote the heat capacity and the enthalpy,

respectively. Thermo-chemical equilibrium is recovered if the mixture com-

posed of Nv
P virtual species plus the fuel F, the oxidizer Ox and the dilutant

D matches the thermodynamic properties given by the reference detailed

scheme composed of Nd
s real species. This constraint is formalized by the

following relation:

Nd
s∑

k=1

ψdkY
d
k |eq =

∑

k=F,Ox,D

ψvkY
v
k |eq +

Nv
p∑

k=1

ψvPk
Y v
Pk
|eq (1)

The virtual intermediate species I is fully consumed by reaction R2 and there-

fore not present at equilibrium. The equality 1 is applied to each equilibrium

state of the mixture (characterized at constant pressure, by the equivalence

ratio φ and enthalpy h) in order to identify the virtual products thermody-

namical properties. The reference burnt gas composition Y d
k (φ,∆h) is given

by thermochemical equilibrium computations, where ∆h = had − h is the

enthalpy defect with respect to adiabatic conditions had.

ψk is in practice modeled by a JANAF [28] temperature dependent poly-

nomial functions of coefficient al,k, suitable for ideal gas states. By identify-

ing each polynomial term, Eq 1 is then recast into the following system of

equations for each state of the mixture:

Nv
p∑

k=1

avlPk
αPk = σl (φ,∆h)/Y v

P for l = 1, ..., 6 (2)
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where σl (φ,∆h) =
∑Nd

s
k=1 a

d
lkY

d
k −

∑
k=F,Ox,D a

v
lkY

v
k . Y v

P is the total mass

fraction of virtual products and Y v
Pk

= αPkY
v
P where αPk are the product

stoichiometric coefficients per mass unit.

The strategy to recover the equilibrium thermodynamical state for all

equivalence ratio φ and enthalpy defect ∆h conditions consists in the two

following steps:

• Equilibrium temperature under adiabatic conditions. For that purpose,

as detailed in [25], the number of virtual species Nv
P , the stoichiometric

coefficients αvPk
(φ) and the thermodynamic properties ψvk of virtual

products are optimized to satisfy Eq. 2 for ∆h = 0 with the arbitrary

constraint
∑Nv

p

k=1 αPk (φ) = 1. For methane/air combustion, an accurate

estimation of the adiabatic flame temperature is obtained with four

virtual products, i.e. with N v
p = 4.

• Equilibrium temperature under non-adiabatic conditions. The number

of virtual species Nv
P and their thermo-properties ψvk identified under

adiabatic conditions are conserved. A dependency on enthalpy defect is

added to the stoichiometric coefficients (αPk (φ,∆h)) to satisfy Eqs. 2.

This formalism adapts the virtual species composition to mimic the

”real” thermo-chemical equilibrium state dependency to heat losses.

Figure 1a shows that the non-adiabatic flame temperature is indeed well

retrieved by a virtual product mixture composed by 4 species over a wide

range of equivalence ratio and enthalpy defect conditions.

2.1.2. CO mass fraction

The CO mass fraction at equilibrium is given by the equilibrium constant

Kv
c,5 [26] of the reversible reaction R5. Function of equivalence ratio for
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Figure 1: Non-adiabatic equilibrium temperature (a) and equilibrium CO mass fraction

(b) versus equivalence ratio for different enthalpy defects, where ∆h = 0 corresponds to

adiabatic conditions. The mixture is composed of methane and air at an initial temper-

ature of 300 K under atmospheric pressure conditions. Lines is the reference detailed

thermochemical equilibrium solution obtained with 53 species whereas the symbols are

the virtual chemistry prediction.

adiabatic condition, a dependency on the enthalpy defect is added as follows

to account for heat losses:

Kv
c,5 (φ,∆h) =

[V2]v |eq (φ,∆h)

[CO]d |eq (φ,∆h)
(3)

where [CO]d |eq (φ,∆h) is obtained from reference thermochemic equilibrium

computations. As V1 is entirely consumed in the burnt gases, [V2]v |eq(φ) is

deduced from mass conservation. As shown in Fig.1b, the equilibrium pre-

dicted by virtual CO sub-mechanism agrees with complex detailed chemistry

equilibrium computations.
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2.2. Chemical kinetics

2.2.1. Heat release and flame consumption speed

The rate of progress of reactions R1 and R2 reads:

q1 = A1(φ,∆h) exp

(−Ea,1
RT

)
[F ]FF,1 [O]FOx,1 (4)

q2 = A2 exp

(−Ea,2
RT

)
[I]FI,2(φ,∆h) (5)

where Ar and Ea,r are the pre-exponential factor and activation energy

of reaction r, respectively, A1 and FI,2 being both function of equivalence

ratio and heat losses. Fk,r is the k-th species reaction order for the reaction

r and [k] is the k-th species molar concentration. All these parameters are

optimized by using a genetic algorithm in order to minimize the following

fitness function:

fmainkinetic (Ar, Ea,r, Fk,r) =

Nc∑

j=1

w1

|SvLj
− SdLj

|
SdLj

+ w2

‖T vj (x)− T dj (x) ‖L2

‖T dj (x) ‖L2

, (6)

where SLj
and Tj (x) are the laminar flame consumption speed and the

temperature profile of the jth set of operating conditions (φ,∆h). The weights

w1 and w2 are imposed equal to 0.01 and 0.99, respectively, to give appro-

priate influence to both criteria.

The optimization of kinetic rate parameter (Ar, Ea,r, Fk,r) is first per-

formed by targeting a set of adiabatic freely-propagating 1D flames com-

puted with the GRI 3.0 [29] detailed mechanism [25, 26]. Then, to identify

the dependency on A1 and FI,2 to heat losses, a second optimization step

is realized by targeting non-adiabatic flamelets. The archetype retained for
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that purpose is the 1-D burner stabilized flame configuration, used in many

non-adiabatic chemistry tabulation methods [12, 13, 30]. By acting on the

fresh gases mass flow rates, the range of enthalpy defect is covered from

adiabatic (∆h = 0) up to the extinction limit (∆h = ∆hq). During the

optimization step, the objective function fmainkinetic is computed through Eq. 6

by using the following definition of flame consumption speed, valid in both

freely-propagating and burner-stabilized flame configurations [30]:

Sl =
1

ρf (Y eq
F − Y n

F )

(∫ +∞

0

ρω̇F (x, φ,∆h) dx+ JnF

)
(7)

where Y eq
F and Y n

F are the fuel mass fractions respectively in the fully burnt

gases and at the burner nozzle. JnF is the molecular diffusive flux of fuel at

the burner nozzle. Note that here ∆hq(φ) is defined for Sl(φ) = 5 cm.s−1.

A series of burner stabilized flames computed at φ = 0.8 with the non-

adiabatic virtual scheme are compared against detailed chemistry solutions

in Fig 2 for three ratios ∆h/∆hq. With only 4 virtual species and 2 vir-

tual reactions the temperature profiles are fairly reproduced by the detailed

chemistry prediction which includes 53 species and 325 reactions. As shown

in Fig 3, the flame consumption speed given by Eq. 7, a posteriori predicted

by the non-adiabatic virtual mechanism, compares well against the detailed

chemistry reference solution. Burner stabilized flames are also computed with

the original adiabatic virtual mechanism developed in [25, 26]. In this last

case, the flame consumption speed shown by empty circles in Fig.3 presents

significant bias increasing with ∆h. Indeed, as the adiabatic formulation of

the virtual chemistry involves temperature dependent reaction rates, a sen-

sitivity of the flame speed to the mixture enthalpy is expected. However,

as shown in Fig. 3, the prediction is not accurate and the non-adiabatic
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developments correct this mis-prediction.

−2 0 2 4 6 8 10 12 14
x [mm]

500

750

1000

1250

1500

1750

2000

2250

T
[K

]

∆h

Adiabatic−Temperature

∆h/∆hq = 0.2
∆h/∆hq = 0.6
∆h/∆hq = 0.9

Figure 2: Temperature profiles computed for burner stabilized flames at φ = 0.8. ∆h

is normalized using the quenching maximum value (5.7 × 105J.kg−1). Lines: detailed

chemistry solutions. Symbols: virtual chemistry solutions.

2.2.2. CO formation

The rate of progress of reactions R3, R4 and R5 are modeled by retaining

the formulation along with the adiabatic kinetic rate parameters proposed in

[26]. Extension to heat losses and equivalence ratio is achieved by applying

the optimization procedure developed for the main mechanism and described

in section 2.2.1, with pre-exponential constants A3(φ,∆h), A4(φ,∆h) and

A5(φ,∆h) tabulated in terms of both equivalence ratio and enthalpy defect.

For the optimization process, the burner-stabilized flame archetype is re-

tained to constitute the target database with a fitness function based on the

CO mass fraction profiles [26].

Figure 4 compares, for a 1-D burner stabilized flame at fixed φ and en-

thalpy defect, the computed CO mass fractions profiles obtained with the

non-adiabatic virtual scheme and with the adiabatic one versus the refer-

ence solution. Significant differences are observed between the two solutions
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Figure 3: Laminar flame consumption speed computed on freely propagating adiabatic

(dashed-line) and burner stabilized (solid line) configurations versus equivalence ratio for

different enthalpy defects. ∆h is normalized using the quenching maximum value at sto-

ichiometry (8.1 × 105J.kg−1). Lines: detailed chemistry. Squares: non-adiabatic virtual

chemical scheme. Empty circle: adiabatic virtual scheme.

demonstrating the value of the developments. In particular, the influence of

heat losses on the YCO peak is well predicted only with non adiabatic scheme.

3. Results

3.1. 1D radiative flames

The non-adiabatic virtual schemes are challenged on 1D laminar premixed

flames submitted to radiative heat losses, which have not been considered

during the optimization step. Radiative fluxes modeled by q̇ = εσ(T 4 − T 4
0 )

are added to the energy balance equation of the 1-D flame solver REGATH

[31]. σ is the Stefan-Boltzmann constant, ε the gas emissivity, T is the lo-

cal gas temperature and T0 the fresh gases temperature. Detailed chemistry

simulations performed with this basic radiative model will serve as a refer-

ence. Even not realistic, this crude radiative model is however sufficient to
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Figure 4: CO mass fractions profiles computed for a burner stabilized flame at φ = 0.8

and at fixed ∆h/∆hq. Continuous line: Detailed chemistry calculations. Dashed dot line:

Adiabatic virtual chemistry calculation. Dashed line: Non adiabatic virtual chemistry

calculations.

verify the ability of non adiabatic virtual chemistry to capture the impact of

radiative heat losses on the chemical flame structure.

Figures 5a and 5b compare temperature and YCO predicted by detailed

and virtual chemistry for different values of gas emissivity ε. Temperature

comparisons show reasonably good agreement between virtual and detailed

chemistry, with small discrepancies observed for high emissivity values. The

flame front is not affected by radiative heat losses and consequently all CO

profiles converge toward the ones obtained for ε = 0 (i.e. no radiative flame).

Looking to the post flame region instead, radiative heat losses affect the burnt

gases composition and virtual chemistry predicts the CO production.

As an intermediate conclusion, the virtual chemical scheme still per-

form well in non-adiabatic configurations not included in the target learning

database. This confirms that enthalpy variations act identically on the chem-

ical flame structure regardless of the origin of heat losses as observed in [13].
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Figure 5: Temperature and CO mass fraction profiles for a series of 1D stoichiometric

premixed laminar flame submitted to radiative heat losses for 3 different values of gas

emissivity, respectively, ε = 0.0, ε = 0.1, ε = 0.5. A zoom close to the flame region is done

for CO mass fraction profiles. Continuous lines: detailed chemistry. Lines with symbols:

non adiabatic virtual chemistry.

3.2. LES of a non-adiabatic turbulent premixed flame

The virtual chemistry is used to simulate the Preccinsta combustor made

of a plenum, a swirler and a combustion chamber [27]. The combustion

chamber is directly fed with a premixed mixture (φ = 0.83) at a constant

mass flow rate ṁ = 12.9 g.s−1.

Many numerical simulations of this configuration have been conducted

to validate LES turbulent combustion models [32–39]. All these simulations

reproduce fairly well the flow dynamics as well as the mean flame front po-
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sition but fail to predict the flame temperature and CO production in the

outer recirculation zone. These differences are attributed to the adiabatic

wall assumption not representative of the real experimental conditions where

convective heat transfers occur through the injector system and quartz win-

dows. As the wall temperature was not measured experimentally, a trial

and error procedure based on non-adiabatic computation with a 17 species

skeletal scheme [40] has been conducted in [41]. Wall temperature Dirichlet

boundary conditions have been identified to match the experimental measure-

ments of temperature and the species in the near wall region. The imposed

wall temperature profile is shown in Fig 6

−100 −75 −50 −25 0 25 50 75 100
x [mm]

500

1000

1500

T
[K

]

Plenum
In jector

Combustion chamber

Figure 6: Wall temperature profiles imposed along the flame side wall chamber [41].

Two unstructured grids are used in the present simulations: a coarser

grid made of 2.7 millions of nodes and a finer one composed of 20.9 millions

of nodes. LES are performed using the YALES2 low-Mach number, unstruc-

tured finite volume flow solver [42]. A fourth-order temporal scheme is used

to perform time integration of convective terms while a centered fourth-order

scheme is used for spatial discretization. The sub-grid Reynolds stresses ten-

sor is closed using the WALE model [43]. Combustion chemistry is modeled

using the above described non adiabatic virtual mechanism solving both the

two-step main mechanism and the CO dedicated sub-mechanism. Virtual
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chemistry is coupled with turbulence using the Thickened Flame model for

LES (TFLES) [44]. A flame sensor dedicated to virtual chemistry is used [45].

The Charlette model [46] is used to close the subgrid scale flame wrinkling,

setting the constant parameter β = 0.5. The three following simulations are

performed: adiabatic on the coarse grid (AC), non-adiabatic on the coarse

grid (NAC) and non-adiabatic on the fine grid (NAF).

Non-adiabatic virtual chemistry predicts very well the mean and RMS

temperature profiles shown in Fig. 7. In particular, the comparison be-

tween AC and NAC demonstrates that accounting for heat losses clearly

improves both mean and RMS temperature predictions in the near wall re-

gion, where the outer recirculation zone is located. The predicted chem-
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Figure 7: Mean and rms temperature radial profiles at several axial locations from the in-

jector. Circle: Experimental data with the corresponding experimental error bar. Squared

dotted lines: AC results. Dashed lines: NAC results. Continuous lines: NAF results.

ical flame structure, illustrated by instantaneous snapshots of filtered CO

mass fraction shown in Fig. 9, differs significantly whether or not heat losses

are considered. Unlike to experimental OH-LIF and OH-chemiluminescence
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measurements [27], AC predicts a M-shape flame. The heat losses included in

NAC induce a thinner outer branch of the flame and local flame extinctions

in the outer recirculation zone. This observation is confirmed in NAF where

the flame resolution is improved. A V-shape flame is retrieved, accordingly to

experimental observation. This information is confirmed in Fig. 8. where a

qualitative comparison between OH-chemiluminescence and mean computed

heat release is proposed.

Figure 8: Qualitative comparison between experimental OH chemiluminescence and com-

puted mean heat release for NAC and AC simulations. The heat release rate is normalized

between 0 and 1× 109 W.m−3.

Figure 9: Instantaneous CO filtered mass fraction snapshot on the middle-plane of the

combustion chamber. From left to right: AC, NAC, NAF.

Mean CO mass fraction are compared in Fig. 10. Adiabatic simulation

overestimates the CO production in the outer recirculation zone. In partic-

ular a peak of CO, not observed in the experiments, is predicted in AC at

17



(r=17 mm; Z= 6 mm) and (r=22 mm; Z= 15 mm). The amplitude of this

peak is drastically reduced by NAC which accounts for the impact of heat

losses on the CO chemistry. The simulations using the virtual chemistry

approach however still overestimates the peak of CO .
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Figure 10: Mean CO mass fraction radial profiles at several axial locations from the in-

jector. Circle: Experimental data with the corresponding experimental errorbar. Squared

dotted lines: AC results. Dashed lines: NAC results. Continuous lines: NAF results.

This undesirable behavior is due to the artificial thickening of the flame

front. To demonstrate this spurious effect, the 1-D structure of a mean flame

brush is manufactured from a random distribution of 100,000 1-D flamelet

solutions, as proposed by Vervisch et al. [47]. The distribution of flamelet po-

sitions is adjusted to recover the PRECCINSTA mean flame brush thickness

that is estimated to be about 5 mm at the first axial measurement (z=6 mm).

The Reynolds averaging of this flamelets ensemble provides a reference mean

CO mass fraction solution, shown in solid line in Fig. 11. The solution ex-

pected by the TFLES approach is also manufactured by randomly distribut-

ing a set of 1-D thickened flames. The Reynolds averaging of this ensemble
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of thickened flamelets is also performed. Results are plotted in Fig. 11 for

the values F=4.5 and F= 2.25, which corresponds to the maximum values

of flame thickening factors computed in coarse and fine meshes at z= 6 mm,

respectively. (dashed and dotted lines). The comparison between mean ref-

erence and thickened CO profiles shows that TFLES overestimates the peaks

of mean intermediate species. The overestimation increases with F. As ob-

served in Fig. 11, refining the mesh enable to decrease the thickening factor

and limits its spurious influence on the species production.
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Figure 11: Thin lines: Some of the random distributed flamelet solutions for the various

thickening factors. Bold lines: Reynolds averaged mean profiles for the corresponding

thickening factors.

4. Conclusion

Virtual chemistry has been extended to account for the effect of heat

losses on flame global quantities (temperature and laminar flame speed) and

CO prediction. The validity domain of the model has been enlarged without

adding species and reactions to the reduced schemes. Detailed chemistry
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phenomena are well reproduced in non adiabatic premixed laminar flame

simulations. The virtual non adiabatic scheme is coupled with the TFLES

turbulent combustion model to perform an LES of the Preccinsta chamber.

The comparison between adiabatic and non adiabatic results shows a sig-

nificant improvement in flame shape prediction, temperature and CO mass

fraction fields. Non adiabatic simulations predicts a V shape like flame which

is closer to the experimental observations.

Discrepancies in CO mass fraction prediction are first attributed to the

artificial thickening of the flame front. However the chemical flame struc-

ture is also sensitive to strain effects [2] which are not considered here. An

improvement would be to enlarge the reference database used to train the

virtual chemical scheme by adding for instance strained flamelets.

Future work will focus on extending virtual chemistry methodology for

the predictions of other complex pollutants such as NOx and soot precursors.
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