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Models for combustion LES based on a geometrical description of the reactive layer are well suited to
capture the turbulent flame front displacement speed, but do not predict the filtered chemical flame
structure. This article aims to discuss and model the impact of the flame sub-filter wrinkling level on the
species production, with a focus on carbon monoxide emission. For that purpose, 2-D wrinkled flames
with a sinusoidal pattern, which include detailed chemistry effects, are manufactured. Three control-
ling parameters are identified: the flame filter size, the sub-filter flame wrinkling and the number of
flame patterns contained within the sub-filter volume. This new flame archetype, named Filtered Wrin-
kled Flamelets (FWF), may be embedded in various combustion modeling frameworks. In the present
paper, it is used to build-up a filtered chemical look-up table in order to model the unclosed terms of
the filtered progress variable equation. A priori tests are conducted by analyzing an existing turbulent
premixed flame database. A posteriori tests consist in modeling the swirling bluff-body stabilized Cam-
bridge flame. Results analysis shows that accounting for sub-filter flame wrinkling on the chemical flame

structure is mandatory to predict intermediate species such as CO.

1. Introduction

Introduction of detailed chemistry effects in numerical simula-
tion of turbulent flames is an ultimate objective for the combustion
modeling community [1]. Despite the great challenge to overcome,
this effort is mandatory to predict complex phenomena such as
flame ignition or extinction and also pollutant formation. Several
methods have been conducted to account for detailed chemistry in
a Large-Eddy Simulation context [2] for a CPU cost, which remains
reasonable, so that the simulation of practical industrial reactive
systems is possible. Among them, geometrical formulations have
been designed to capture the flame front propagation and thus to
represent accurately the flame dynamics in premixed or stratified
combustion regimes in LES [3].

Examples of existing approaches based on a geometrical formu-
lation are the G-equation [4-7], filtered one-dimensional flames
[8-11] and thickened flame model [12-14]. These approaches are
designed to capture accurately the turbulent flame consumption
speed in the flamelet regime whether or not the flame thickness
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and wrinkling are resolved at the LES sub-filter scale. The sub-
filter scale flame wrinkling E,, generally modeled either by al-
gebraic [15-17] or dynamical [18-20] procedures, is coupled to the
reactive flow equations so that both the source and turbulent dif-
fusion terms of chemical species balance equations (or progress
variable) are enhanced by a factor E. Consequently, the turbu-
lent flame front propagates at a speed Sj = EAS?, where S? is
the unstrained laminar flame consumption speed. A recent com-
parative study, conducted on a turbulent stratified flame config-
uration experimented at T.U. Darmstadt [21], indeed confirms that
geometrical-based numerical approaches perform well when focus-
ing on the turbulent flame front position [22].

The impact of the sub-filter scale flame wrinkling on the
filtered flame chemical structure has however never been consid-
ered. Indeed, geometrical approaches for flamelet regime usually
assume that the filtered flame thickness and chemical profiles
are not affected by sub-filter scale flame wrinkling. This assump-
tion has been questioned by Moureau et al. [11] who observed,
through the analysis of the DNS of a turbulent premixed swirled
flame, that filtered quantities are also influenced by the surface
of the flame contained at the sub-filter scale. Several families
of modeling approaches implicitly account for the impact of
sub-filter state on the resolved quantities such as (i) Linear-Eddy
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Fig. 1. Differences between thickened and filtered flame structures. Both filtered and thickened flames have identical thermal layer thicknesses. Legend : — Laminar detailed
chemistry solution, — Detailed chemistry solution, filtered at a size A =2 mm, »== F-TACLES solution..

model [23] where empirical mean of perturbed states are used; (ii)
PDF-based models were the sub-filter state is described through
a presumed [24] or transported PDF [25]. These approaches are
however difficult to express in a geometrical formalism.

The objective of the present article is to model the impact of
the sub-filter scale flame wrinkling on the chemical flame struc-
ture and therefore on the minor species production and destruc-
tion, which is important for predicting pollutant emissions. A fo-
cus here is made on the carbon monoxide (CO) species. The
unclosed terms of the progress variable equation are modeled fol-
lowing an approach similar to the Filtered Tabulated Chemistry for
LES (F-TACLES) model [10], where a chemical look-up table is gen-
erated from Filtered Planar Flamelet (FPF) elements that are com-
puted a priori using a 1-D flame solver including detailed chem-
istry and complex transport. The major issue of this approach is
to incorporate the flame wrinkling in the look-up table genera-
tion. For that purpose, the standard planar flamelet assumption
of F-TACLES is revisited by manufacturing a series of 2-D wrin-
kled flames with analytical wrinkling patterns. The paper is orga-
nized as follows. Section 2 presents the a priori study of the im-
pact of sub-filter scale flame wrinkling on the filtered chemical
flame structure. Section 3 describes the procedure to generate a se-
ries of 2-D wrinkled flames with analytical wrinkling patterns. The
explicit filtering of these manufactured solutions serves to com-
pute a database that relates filtered thermochemical quantities to
the flame wrinkling patterns. A turbulent combustion model us-
ing the Filtered Wrinkled Flamelets (FWF) is derived in Section 5.
Its a priori validation against a filtered DNS database is then con-
ducted in Section 6. Finally, LES of the Cambridge premixed flame
burner [26] is computed and compared to experimental data in
Section 7.

2. A priori study of the impact of sub-filter scale flame
wrinkling on the filtered chemical flame structure

Two scales are often unresolved in Large Eddy Simulation of
turbulent premixed or stratified flames: the flame thickness and
the small-scale flame wrinkling.

The first one, the laminar flame thickness, is in general smaller
than the grid size in most practical meshes [3]. To avoid the under-
resolution of the reactive layer and therefore a mis-prediction
of the flame propagation speed, Thickened Flame model for LES
(TFLES) artificially thickens the flame front by a factor F [12]. TFLES
does not reproduce however some specific sub-grid scale phenom-
ena for intermediate species. An alternative to thickened flame
model are Filtered Planar Flamelet (FPF) based models such as F-
TACLES [10], where reference flamelets are filtered, tabulated and
stored in a look-up table.

Filtered Planar Flamelet approach is illustrated in Fig. 1 by post-
processing the detailed chemistry solution of a laminar freely-
propagating 1-D methane-air flame computed with the REGATH
solver [27] using the mechanism proposed by Lindstedt [28] at an
equivalence ratio ¢ = 0.83 and atmospheric pressure. The reactive
flame thickness, defined here as the full width at half maximum
(FWHM) of the heat release, is §; = 0.17 mm. The thermal flame
thickness, defined from unburnt gas temperature T* and burnt gas
temperature T as 80 = (TP — T¥)/max(VT), is 80 = 0.53 mm. To
mimic a reference ideal laminar LES flame solution, the detailed
chemistry temperature and CO mass fraction profiles are filtered
by a Gaussian function of width A. Profiles of temperature T, nor-
malized progress variable reaction rate wy./max(wy.) and CO mass
fraction Yo are plotted in Fig. 1 for A =2 mm.

The effective ratio A/§; = 11.2 is well representative of practical
reactive LES configurations, where the flame thickness is smaller
than the filter associated to the flame [29]. An advantage of the
filtering formalism is the conservation of the mass of chemical
species contained within the flame layer as discussed in [10].
Figure 1 presents an a priori reconstruction of the filtered tem-
perature and CO mass fractions extracted from a FPF look-up ta-
ble. For a 1-D unstrained laminar flame (i.e. without any sub-filter
wrinkling) F-TACLES recovers the filtered laminar flame structure
as expected.

The second unresolved scales are flame wrinkling patterns
smaller than the filter size. The impact of sub-filter scale flame
wrinkling E, on the filtered flame propagation speed is well
accounted for in F-TACLES models [10]. However this formula-
tion assumes that the filtered chemical flame structure is not
altered by sub-filter scale eddies (ie. the flame is planar at
the sub-filter scale). This assumption is challenged by the post-
processing of turbulent premixed flame DNS data obtained by
Moureau et al. [11] of the PRECCINSTA combustion chamber [30].
The configuration, which features a plenum, a swirl-injector and
a combustion chamber, is representative of aeronautical combus-
tion devices. DNS flame data are filtered at a size A = 11.26;. The
Favre-filtered temperature and CO mass fraction fields are then
conditionally-averaged on iso-contours at a given distance to the
filtered flame front position. This filtered flame front position is
defined as the iso-contour ¢ = 0.8, where ¢ is the Favre-filtered
normalized progress variable. The conditional averages are plotted
in Fig. 2. Diamond and plus symbol lines show references profiles
obtained at two axial distances to the burner head, z=1 cm and
z =4 cm, respectively. While the first axial position is located at
the anchoring of the flame, the second position is at its tip. The
wrinkling of the flame increases further downstream in the com-
bustor, and the two axial positions correspond to two different
sub-filter scale flame wrinkling conditions: Ex =1.2 at z=1 cm,
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Fig. 2. Filtered temperature and CO mass fraction profiles obtained by post-processing a DNS solution of the PRECCINSTA configuration. Legend : 94— Filtered DNS solution

(Ea = 1.2), +—+ Filtered DNS solution (E, = 2.0), e—e F-TACLES solution.

whereas E =2 at z=4 cm. It can be noted that for the second
position, where the flame is highly corrugated, multiple front-front
interactions occur, which leads to an increase of the temperature
and the CO mass fraction on the fresh gas side for X < —2 mm. The
filtered chemical flame structure a priori predicted by F-TACLES is
reconstructed by post-processing the DNS progress variable field
with a filtered look-up table built from Planar Flamelets filtered
at A =11.26; (FPF) as in the post-processed DNS. As discussed
in [11], the sub-filter scale flame wrinkling tends to increase the
filtered flame thickness. It leads to a slight underestimation of the
thermal layer by F-TACLES as observed in Fig. 2, which is empha-
sized when E 4 increases. The discrepancies are considerably more
significant for the CO mass fraction. Indeed, neglecting the impact
of sub-filter scale flame wrinkling on the carbon monoxide produc-
tion causes an 50% underestimation of CO peak in this case.

While the impact of sub-filter scale flame wrinkling on the
flame thermal layer remains marginal, its effect on intermedi-
ate species prediction is pronounced. In the following section, a
methodology named Filtered Wrinkled Flamelets (FWF) is pro-
posed to include sub-filter scale wrinkling in the filtered flamelets
formalism.

3. Modeling the impact of the sub-filter scale wrinkling on the
filtered flame properties

The influence of sub-filter scale wrinkling on the chemical
flame structure is in practice difficult to anticipate and describe
analytically. In this section, manufactured flame solutions are used
to study the relation between the filtered flame properties (such as
consumption speed, thickness, and species profiles) with the geo-
metrical properties of the wrinkled flame at the sub-filter scale.

3.1. Problem model

The impact of the geometrical properties of a 2-D wrinkled
flame on the filtered flame structure is analyzed. Assuming that
the sub-filter flame is in the flamelet regime, the flame front is
tracked by a progress variable ¢ equal to 0 and 1 in fresh and burnt
gases, respectively. A 2-D wrinkled flame pattern, shown in Fig. 3,
is manufactured by assuming that the coordinates (Xc—c,Yc=c,)
of the iso-line ¢ = ¢y are related by a sinusoidal function: Xe=cy =
Asin(2mwyc—c,/Ly), with A the amplitude of the sinusoidal iso-line
and Ly its wavelength. This flame pattern is embedded in a 2-D
square of size A, the flame filter size, to mimic a sub-filter scale
domain. For simplicity, the flame is not wrinkled in the spanwise
direction. The model could be easily extended with 3-D manufac-
tured solutions. A 2-D approach is however preferred here as it
simplifies the model formalism as well as its analysis in a first ap-
proach.

Zo; ’.ljo)

1-D laminar premixed flame

D(x0: yo)

I‘I’(:L‘(),yo) = q)lD(D)l

Fig. 3. Schematic view of sub-filter sinusoidal flame pattern with ny = A/L, = 2.
The mapping process of a thermochemical quantity ® onto a 1-D premixed laminar
flame computed with detailed chemistry is also presented.

The number of wavelengths contained within the box is given
by na = A/Ly. As discussed in the BML analysis [31], 2n, corre-
sponds to the average number of flame crossings of a specified line
per unit distance A. We suppose here that n, is an integer. For a
given flame filter size A, the sub-filter flame pattern is then peri-
odic and parametrized by two parameters: n, controls the wave-
length while A controls the amplitude of the ¢ = ¢y iso-line. The
sub-filter scale wrinkling is determined by the pair (A, na). For
na = 0 or A = 0 the flame remains planar while for A > 0, the flame
is wrinkled as soon as n > 1. The possible range of variation of
both A and ny is discussed in the following.

3.2. Physical range of variation of model parameters A and np

Assuming a flamelet regime, the size of the smallest eddy hav-
ing a turnover velocity sufficient to wrinkle the flame front is the
Gibson length L¢ [32]:

013 0\ 3
A

€

where S? is the laminar flame speed, u/, quantifies the sub-filter
velocity fluctuations and € is the kinetic energy transfer rate, as-
sumed here within the inertial range. The flame wrinkling length
scale Ly/2, illustrated in Fig. 3, should therefore be larger than
Lg. As discussed by [3,32] in the flamelet regime (i.e. thin flame
regime), L; varies between the integral length scale L; and the size
of the smallest eddy n which is larger than the flame thickness 8,0.
The minimal value of the flame front wavelength reads:

Ly = 2Lg > 26 (2)
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Fig. 4. Representation of 2-D manufactured thermochemical variables for A/S{’ =5, Ex =3 and nu = 2. Top left: progress variable c. Top right: CO mass fraction Y¢o. Bottom

left: progress variable reaction rate @.. Bottom right: CH radical mass fraction Ycy.

As np is assumed to be an integer, the maximal number of flame
wrinkling patterns nM¥X is therefore given by:

A
o 4]
L}r/nm

where E[r] is the integer part of r.

In the flamelet regime, the local flame front curvature x has
also to remain smaller that a threshold value so that the flame
structure is unaltered. Thus, the radius of curvature R = 1/k has
to be larger than the cut-off length scale § which is of the order
of the laminar flame thickness [3]. As the flame front geometry is
modeled by a sinusoidal pattern of normal n, the analytical expres-
sion for k = V - n reads:

(3)

2 .
= A 2 [Sin(27 Ye=c,/Ly)|
Ly ] [1+A%Q2m/Ly)?cos? (2w Yc=c,/Ly) P/

(4)

The maximal value of ¥ observed along the sinusoidal flame front
is observed for yc—c, = Ly/4:

2 2
max K (Yec,) = A()
L,

(5)
The flamelet condition R>§ combined with Eq. (5) gives the max-
imum possible amplitude A™3* of the sinusoidal pattern:

L2

max Yy

T 4725

(6)

Equations (3) and (6) give the maximal physical value of both
A and n, parameters so that the wrinkled flame pattern remains
within the flamelet regime. Based on this assumption, the wrin-
kled flame structure is reconstructed from a 1-D flamelet in the
following section.

3.3. Estimating filtered quantities from a presumed sub-filter flame
pattern

Assuming that the flame is in the flamelet regime, the 2-D
flame structure is manufactured from a 1-D laminar premixed
flame computed with detailed chemistry. The shortest distance
D(x,y) between each point (x, y) contained in the 2-D sub-filter
domain and the iso-line ¢ = ¢ is introduced as illustrated in Fig. 3.
The thin reaction zone position ¢ = cy is located at the maximal
heat release point of the flame. The D field is then used to map
any thermochemical quantity & using the 1-D flamelet data:
Q(x,y) = Pip(P(X.y)). (7
where ®;p denotes the 1-D flamelet thermochemical quantities.
An example of 2-D manufactured fields is given in Fig. 4 for the
progress variable c, its source term @, CO mass fraction Yco and
CH mass fraction Ycy.

Filtered quantities ® are defined by:

+00 +00

D (x,y) =f O, y)FRP(x—xy —y)Hdx'dy (8)

—00 —00

where F2P is a 2-D box filter of size A. By introducing FiP, the
1-D box filter of size A, F2D(x,y) is decomposed as FIP(x)FIP(y)
and @ also reads:

_ +00 +00
<1>(x,y)=/ F&D(X—X’)[/_ <I>(x’,y/)FgD(y—y’)dy/]dx/.

—00

(9)

As the flame pattern is naLy-periodic at the sub-filter scale in the
y-direction, the filtering along y reduces to an averaging operation
over a single wavelength:
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Fig. 5. Sub-filter scale wrinkling E, as a function of the normalized amplitude A/(SF for different n, and normalized filter sizes A /610. Legend: — Manufactured wrinkled
flamelet integration (Eq. (12)); — — Infinitely thin flame assumption (Eq. (13)).
_ o 5 1 +Ly/2 R , na. The analytical model given by Eq. (13) is retrieved as long as A
D(x) = /_ FP(x —x) L /_L P QX y)dy" | dx'. (10)  and n, remain small, which is in line with the bounds proposed in
y Eq. (6). Flame thermal and reactive layers are indeed overlapping
) at the sine wave peaks when A reaches the critical value A™3* and

Therefore, any filtered quantity associated to the periodic wrinkled
flame pattern varies only along x coordinate and reads:

D) = [m FIP (x — )& (x')d¥ . (1)

3.4. Link between sub-filter scale pattern and wrinkling

The sub-filter flame wrinkling is defined as:

(1]

Sa 1 T
8= o /w Be(x)dx, (12)
where the filtered progress variable reaction rate @, is computed
from Eq. (11). For a given LES filter size A, the presumed flame
pattern and its wrinkling E, are parametrized by both nj =
A/Ly and the amplitude A. An analytical relation between EA
and & = naA/A is obtained under infinitely thin flame assumption
(A/(Slo — 00):

- V@mE)E+1 1
Ea = TH(”’]’W)’ (13)

where EI is the incomplete elliptic integral of the second kind.
However, in the general case where the flame thickness is consid-
ered, a numerical integration is needed to compute Eq. (12).

4. Analysis of Filtered Wrinkled Flamelet consistency

To illustrate the methodology, 2-D wrinkled flames are man-
ufactured for a given pair (A, na) using ®'P variables from a
1-D CHy4-air flame computed at ¢ = 0.83 using detailed chem-
istry [28]. The progress variable is defined as ¢ =Y./Y$9, where
Ye = Yco + Yco, + Yh,0 and eq superscript denotes equilibrium con-
ditions. Manufactured 2-D variables ® are then numerically fil-
tered according to Eq. (11) for a given filter width A.

4.1. Evolution of 25 with A

Figure 5 shows E, as a function of A/Sl0 for different values of
na and A/(Slo. Solid lines are obtained from the numerical integra-
tion of Eq. (12), whereas dashed lines represent the analytical solu-
tions given by Eq. (13) under infinitely thin flame assumption. For
a planar flame (A = 0), the flame wrinkling E equals 1. When A
increases, E 4 increases as expected. The dependency of E 5 to the
pair (A, np) is clearly evidenced in Fig. 5 as, for a given amplitude
A and filter size A, E, increases with the number of wavelengths

the numerically computed wrinkling ratio thus decreases compare
to infinitely thin flame case. It is important to note that the model
degenerates towards DNS when A — 0: as the filter size vanishes
the bound imposed on n, due to the flame cut-off implies that no
analytical wrinkling is possible and hence the flame stays planar.

Figure 5 also shows that, for a given A and ny,, there is a
unique correspondence between A and E . Filtered variables can
therefore be parametrized by (Ea,na, A) instead of (A, na, A).
This formulation is preferred for practical reasons: many accurate
LES model for the subgrid scale flame wrinkling exists in the liter-
ature (unlike to the subgrid flame wrinkling amplitude)

4.2. Effect of wrinkling on flame thickness

Filtered data are also post-processed to compute, for the
set of parameters (Ea,na,A), the filtered flame thickness 8z =
1/max(|V¢|). &z is plotted in Fig. 6 as a function of E, for dif-
ferent values of na. A strong dependency of the flame thickness
8z to E, is observed for any of the three filter sizes considered.
When A/Slo > 2, the number of wavelengths n, influences signif-
icantly the filtered flame thickness. Indeed, for a given E A, 8; de-
creases when n, increases. In this last case, 8z tends to the filter
size A because, for a given E,, the amplitude of the flame pat-
tern A gets smaller compared to A. For small values of n,, A needs
to be larger to reach a given level of wrinkling (see Fig. 5) which
leads to an increasing filtered flame thickness 8z This behavior is
also illustrated by Fig. 7 which shows filtered progress variable ¢
and filtered chemical reaction rate @, for different values of A/Slo,
na and E,. For a given np, the flame thickness increases due to
wrinkling (left plot). Larger wrinkling values also modify the fil-
tered reaction rates profiles (right plot) to larger maximum val-
ues. For a given wrinkling value E A, the flame thickness decreases
when n, increases since the sine amplitude A reduces for constant
A~

This analysis shows that for a given filter size A, the filtered
flame structure depends on both E, and na. It means that Ep
is a priori not sufficient to determine the filtered flame structure,
which is also influenced by the geometrical shape of the flame at
the sub-filter scale.

0]

4.3. Effect of wrinkling on sub-filter species mass

Figure 8 shows the evolution of the mass of CO m¢g contained
in a sub-filter box of size A as a function of the wrinkling Ex
of the flame pattern. To ease the interpretation, mcg(E,) is nor-
malized by the mass of CO of the planar flame mcg(E = 1). For
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Fig. 9. Normalized mass of CH in the sub-filter box as a function of the wrinkling ratio E, for different values of A/S,O and n,. Dashed line shows unitary line f(E,) = Ex.

a given flame pattern of wrinkling E, mco(E,) is computed by
integrating pYco over the surface:

AJ2

A
meo(E4) = / / P y)¥eo(x,y)dyd (14)
x y=

=—A/2
Several curves are presented for different values of A/Blo and np.
As expected, the main observation is that mcg increases with &
due to the increased flame surface within the box. mcq is relatively
independent from the value of n, and is however much lower
than the unitary line mcg(Ex) = Eaomcg(EA = 1) which corre-
sponds to the theoretical value of the integral that would be ob-
tained if the CO mass was concentrated on the sine pattern (i.e.
for an infinitely thin front). This departure of mcg is mainly due
to the non-zero Yo value in the burnt gases which implies that
some fraction of CO mass is located outside of the filter volume
when the manufactured wrinkled flame is constructed. This is ver-
ified by carrying out the same analysis for CH radical which has a
much lower thickness (as seen in Fig. 4) and a zero value in both
fresh and burnt gases. The resulting CH mass mcy shown in Fig. 9
is accurately approximated by the unitary line. The remaining gap
increases with E, and is due to profile thickness effects in high
curvature regions. In this case only, the following approximation
therefore applies:

Mg (Ea) = Eamep(Ea =1) (15)

In the more general case of thicker species profiles compared to
A or to a species with non-zero mass fractions in fresh or burnt
gases, the filtered species mass fractions cannot be approximated
by simple relations such as Eq. (15).

4.4. Comparison of Filtered Wrinkled Flame structure against DNS
data

The approximations made to manufacture the Filtered Wrin-
kled Flamelets neglect several physical phenomena such as curva-
ture or stretch effects. In order to estimate the impact of these
assumptions, the FWF database is compared against DNS solu-
tion [11,30] of a turbulent premixed flame previously introduced
in Section 2. To enable a direct comparison between DNS and the
FWF database, the filtered flame thickness is now defined as:

82 =1/|Vileg, (16)

where ¢y is a progress variable iso-line value chosen to be close
to the region of maximal |V¢|. The sub-grid scale flame wrin-
kling is computed in the DNS as E, = |Vc|/|V¢|. For a given filter
size, both the filtered flame thickness and the sub-grid scale flame
wrinkling are then estimated in the DNS solutions along the flame
surface defined as ¢; iso-line. The filtered flame thickness condi-
tioned by the sub-grid scale flame wrinkling is shown in Fig. 10
for three values of filter sizes: A/(SIO = 2, 5 and 10. The filtered
flame thickness defined at ¢, = 0.5 is computed from the reference

DNS data (solid plain line) and the approximate Filtered Wrinkled
Flamelet database (solid line with symbols) for different values of
na. The gray area represents the variability of 5?/8,0 for a given
wrinkling value EA: the upper and lower thin lines correspond to
plus and minus the RMS, respectively. As the filtered flame thick-
ness is strongly dependent on the flame wrinkling in the DNS and
on the n, parameter in the FWF model, this figure gives an indica-
tion on the n, parameter that should be used in the FWF model to
recover the DNS filtered flame thickness. The n value that should
be chosen depends on the non-dimensional filter size A/SIO: na
should increase with the filter size. Moreover, a single value per
filter size would already give an acceptable model since 1 <nj <2
for A/8? <10 for the DNS considered here.

The prediction of CO filtered reaction rate given by the FWF
database is also assessed by comparison with the DNS database.
For that purpose, Fig. 11 illustrates the impact of both n, and E 4
on the filtered CO mass fraction profile Yo for a given filter width
A/S,O (left plot). ?co profile thickness and peak value are clearly
impacted by both parameters. The solid blue curve (Ex = 1) also
corresponds to the original F-TACLES. Significant differences with
the EA = 1.5 and E = 2 curves illustrates the gain of the model
improvement. CO filtered reaction rate @co extracted from FWF
database is then compared to the post-processed DNS for both
A/(S,O =5 and 10 (right plot). DNS mean and RMS values of @co
conditioned to ¢ are shown by black line and gray filled area, re-
spectively. The trends of the DNS mean profiles are well repro-
duced by the FWF database. The FWF profiles variations due to n
and E, are also in line with the RMS values of the post-processed
DNS. The slight differences observed are certainly due to modeling
hypothesis, which include the sinusoidal shape of the flame sur-
face and the canonical unstrained 1-D laminar flame profile used
to manufacture the wrinkled flamelets. It confirms that the Filtered
Wrinkled Flames archetypes are able to tackle the impacts of ac-
tual sub-filter scale wrinkling patterns on the resolved intermedi-
ate species profiles through n, and E, parameters.

5. Closure of the filtered progress variable balance equation
using Filtered Wrinkled Flamelets (FWF)

5.1. Filtered Wrinkled Flamelet database

A series of filtered wrinkled flamelets is manufactured by vary-
ing A and A for a given wavelength parameter n,. For each set
of geometrical parameters, filtered thermochemical variables ® are
mapped in the filtered progress variable ¢ space as in [10]. As dis-
cussed in Section 4.1, a set of parameters (A, A) corresponds, for

a given np, to a unique value of E . Therefore & can be mapped
and tabulated as:

@ =P[C, A, Baly, - (17)

An illustration of the FWF table is shown in Fig. 7 for a CHy-
Air premixed flame at ¢ =0.83 filtered at A =587 (top right)
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Fig. 11. Favre-filtered CO mass fraction }N(co as a function of dimensionless position x/zS,D (left) and filtered chemical reaction rate @wco as a function of the filtered progress
variable ¢ (right) for different values of wrinkling ratio £, and filter width A/(S,U. Legend: Solid colored lines: FWF n, = 1; Dashed colored lines: FWF n, = 2; Solid black

line: DNS Mean value. Filled area: plus and minus the standard deviation.

and A = 108,0 (bottom right). The evolution along the ¢ coordi-

nate of the filtered progress variable reaction rate @ is shown
for different values of E5 and na. In both figures, the profiles
of @, for B, =1 match as expected regardless of the value of
na. They also correspond to the filtered laminar reaction rate that
would be extracted from the 1-D filtered premixed flame. It corre-
sponds to the case where the flame is planar at the sub-filter scale.
However, when E5 = 1.4 and Ep = 2.5, @ differs depending on
na as discussed in Section 3.4. This effect is exacerbated as EA
increases.

5.2. Closure of the filtered progress variable equation

In LES, the filtered progress variable ¢ is governed by the fol-
lowing equation:
apé e —_ e e
W-|—V~,0uc=Vv(—,ovc)-l—V~,0(cu—cu)—i—a)c,
where p is the filtered density, @ is the filtered velocity, V¢ is
the molecular diffusion velocity of the progress variable and @,
is the filtered progress variable reaction rate. The RHS terms of

(18)
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Eq. (18) are computed from Filtered Wrinkled Flamelets (FWF) in-
troduced in Section 3. The filtered chemical source term is directly
estimated from Eq. (11) as:

_ +00 .,

o :/ FIP(x = x)a (¢)dx (19)
—00

where the superscript * represents the values extracted from the

manufactured wrinkled flamelet. The filtered molecular diffusion

term is closed as pV¢ = —Dp, VE where Dy, is estimated from the

manufactured wrinkled flamelet as:

D = —p*Ve' /VE (20)

The sub-filter scale convection term V - 5 (il — ci1) is modeled as:

T =V - p(@ii—aa) = poSa (IVE| - V). (21)

where pgy and S, are respectively the fresh gas density and con-
sumption speed of the manufactured flamelet filtered at A com-
puted from Eq. (12). This formulation ensures that the filtered
progress variable iso-surfaces propagate at Sp as shown in [10]. For
a fixed value of n, the terms Dy, 7 and @, are pre-computed and
tabulated as functions of the filtered progress variable ¢, the flame
filter size A and the wrinkling factor E o according to Eq. (17). The
flame filter size is chosen to ensure that the filtered flame front is
well resolved on the LES grid [29,33]. The wrinkling factor can be
estimated from the LES using either a transport equation [34], al-
gebraic models [12,15-17] or dynamical formulations [18-20]. The
filtered progress variable transport equation closed with tabulated
Filtered Wrinkled Flamelets therefore reads:
% +V-peil = V- (Dul€. A, Eal,, VE)

+TIC A, Enln, + a([C, A, Enln, - (22)

This modeling strategy is similar to the F-TACLES model [10] ex-
cept that Filtered Wrinkled Flamelets (FWF) are used instead of
Filtered Planar Flamelets (FPF). Therefore, the wrinkling factor Ex
becomes a coordinate of the FWF database - which integrates the
impact of wrinkling on the filtered flame features - instead of mul-
tiplying the RHS terms of Eq. (22).

5.3. Estimation of the wavelength parameter n

The FWF framework assumes that representing the sub-filter
scale flame wrinkling with a unique wavelength L, is sufficient
to capture the correct filtered chemical species distribution at the
sub-filter scale. This hypothesis will be assessed using a priori and
a posteriori analysis in Sections 6 and 7, respectively. In the context
of realistic multi-scale flame wrinkling, the wavelength parameter
na = A/Ly represents the average number of flame crossings per
filter length A [35]. Assuming an infinitely thin flame front, Bray
et al. [35] show that nx reads :

ZaloylA
na =
2

where ¥, is the sub-filter flame surface density which expresses
YA = [Vc| = EA|VE|. oy is the mean cosine angle of the instanta-
neous flame front with the ¢ = ¢, iso-surface and is assumed to be
an universal constant [35,36] so that |oy| ~ 0.5. Equation (23) may
also be recast as:

na =CAEAIV(pO)] (24)

where C=0.25/p, with p, is the burnt gases density. In this
model formulation given by Eq. (24), n is not a free parameter as
it is related to V (p¢) computed from the LES as well as A and E 4,
which are also two FWF table coordinates. In the following, pc will
be computed directly from the DNS database in the a priori analy-
sis (Section 6) whereas it will be transported following Eq. (18) in
the a posteriori analysis (Section 7).

(23)

5.4. Synoptic of FWF model workflow

Given an LES grid and burner operating conditions, the step-by-
step procedure to generate a FWF table and use it in a turbulent
premixed flame LES is summarized here:

1. Compute the 1-D premixed flame at selected operating condi-
tions using detailed chemistry.

2. Based on the computed 1-D flame, generate a series of 2-D
wrinkled flamelets varying sine amplitude A and wavelength
na as detailed in Section 3.1. Knowing the grid cell size Ax,
the suggested flame filter size is A = 5Ax.

3. Filter the different mapped variables to compute T, T, §7k aTyk
D, T, .

4. Tabulate these variables as ® = ®[C; A, Ea ],

5. Perform the LES using 1T to close the equation of state. The fil-
tered progress variable equation is closed using Dy, and 7 + @c
as diffusion term and reaction rate, respectively. Other op-
tional quantities such as §7k and aTYk can be accessed as post-
processing variables.

The implementation of the FWF model and its tabulation pro-
cedure are validated by computing a series of 1-D filtered CHy-air
flames at ¢ = 0.83 for different filter sizes A. In these 1-D sim-
ulations, Eq. (22) is solved by assuming constant values of the
sub-filter scale wrinkling E,. They are performed to verify that
the filtered flame front effectively propagates at Sy, = & AS? what-
ever the choice of the flame pattern parameter n,. The simula-
tion results, not detailed here, showed that the resolution criterion
A|/Ax>5 was needed to ensure an error of less than 3% on Sjx.
This conclusion was also drawn for other filtered flame models im-
plemented in the YALES2 code [10,29].

6. A priori comparison of FWF distributions against a filtered
DNS database

An a priori validation of the methodology is performed by chal-
lenging the Filtered Density Function (FDF) reconstructed using
FWF against the DNS data [11,30] introduced in Section 2. Ref-
erence progress variable FDF are extracted from the PRECCINSTA
database by using the procedure detailed in [11] and plotted in
Fig. 12 for c!jfferent pairs (C, S¢), where S¢, the unmixedness factor,
reads S; = ¢?/(€(1 - ¢)) and two filter size A/80 =2 and A/8P =
4,

The FWF sub-filter FDF is computed by first recasting Eq. (10) as
follows:

~ 1 ptoo FID(x _ x/ +Ly/2
7% = [ f Fyx=x) f p®8(c—C)dy |dxde  (25)
0 J- L, —Ly/2

where p = p(x'.y’), c=c(x',y’) and § is the dirac distribution.
Then, a statistical expression of ® is obtained by introducing PFWF,
the FDF associated to FWF:

~ 1
$= /0 ®PMWVF(0)dC (26)
where
+oo FID(x _ x/ +Ly/2
ﬁFWF(C)=l/ Fyx=x) [ pS(c—Cydy |l (27)
0 J Ly L2

First and second moments of the progress variable are computed
from the FWF-FDF as follow:

1
T / PPWF(C)de (28)
0

& /1 (c — D2PWF (¢)de (29)
0
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Fig. 12. Comparison of the filtered density function of the progress variable using
FWF, the B-distribution (PCM-FPI) and the filtered DNS of the PRECCINSTA burner.
Legend: — Filtered DNS, ... f distribution, — — FWF distribution (ny = 1), #—%
FWF distribution (na = 2).

PFWE(C) is numerically pre-computed by using Eq. (27) for two
flame patterns at the sub-filter scale (np =1 and nx = 2) and by
varying the amplitude A across the range of validity defined in
Section 3.2. The wrinkled flame patterns are generated from a 1-D
CHy-air flame computed at ¢ = 0.83 using detailed chemistry [28].
The corresponding first and second moments of progress variable
are calculated from Eqs. (28) and (29), respectively, so that the
FWE-FDF can be added to Fig. 12 for both filter sizes A = 2510 and
A= 4810. Finally, a standard B-distribution parameterized also by ¢
and S; and frequently used to couple tabulated chemistry with a
statistical description of the turbulence [2,37,38], is also added in
Fig. 12 for comparison.

In the cases A/SIO = 2, the FWF parameter n, is set to 1. This
value is obtained from the DNS parameters and the model of
Eq. (24). The FWE-PDF retrieves the shape of the reference FDF ex-
tracted from the filtered DNS, especially in the burned gases where
the results are better than the S-distribution. However, the model
is less accurate on the unburned gases side and behaves as the
B-distribution. This behavior was also found in other filtered flame
models [11] and was attributed to a lack of intermittency on the
unburnt gases side. Indeed, no turbulent mixing is taken into ac-
count on the unburned gas side in the FWF model, i.e. the progress
variable iso-lines in the preheat zone tend to follow the imposed
flame shape. The only differences between the ¢ = ¢ iso-line and
the other iso-values are due to curvature effects, which lead to
a decrease of the iso-line wrinkling away from the flame front.
As a result, when the flame thickness is less than the filter size,
the model promotes values close to ¢ = 0. In the DNS, intermedi-
ate values of c in the pre-heat zone are more present in the sub-
filter volume due to the gradient transport created by the turbu-
lent mixing. This effect is not present on the burnt gas side, as the
level of turbulence intensity is largely attenuated by the increase
of the molecular viscosity and the filtered flame shape is recov-
ered. Additionally, this figure enables to illustrate the influence of

0.9 1.65 1.65

110

Fig. 13. Scheme representing the Cambridge SwB burner.

the n, parameter. When n, increases, the flame front pattern am-
plitude decreases for the same wrinkling value and the progress
variable iso-lines in the vicinity of the flame front become flatter.
Then, their probability of being in the sub-filter volume decreases
as their wrinkling decreases. This effect is compensated by a slight
increase of the other PDF values close to the ¢ = ¢y level and at
c=0andc=1.

7. Application of the FWF model to a turbulent premixed flame
7.1. Experimental configuration and numerical set-up

The Cambridge stratified swirled burner (SwB) [39], represented
in Fig. 13, is retained for challenging the FWF model. It consists
in a central bluff body surrounded by two annular channels in
which premixed fuel/air mixtures are injected. Velocities in the in-
ner and outer channels are respectively U; = 8.31 m.s~! and U, =
18.7 m.s~!, giving rise to strong shear layers. A co-flow of air with
velocity U =04 m.s—! is set to avoid entrainment effects. The
burner has been studied for different levels of stratification and
swirl numbers. An important experimental database includes ve-
locity [40-42] as well as temperature, chemical species and equiv-
alence ratio measurements [40,41,43]. Burner walls temperatures
have been characterized by [44] and a particular focus on the dif-
ferential diffusion effects has been made in [45]. More recently,
an experimental analysis performed in [46,47] has shown that the
inner chemical flame structure of non-swirling and swirling SwB
flames remains very close to laminar flame structure which is in
line with the flamelet assumption made by the FWF formulation.

Numerical studies previously published mainly focused on the
non-swirling premixed and stratified configurations [48-54] for
which differential diffusion and heat losses at the bluff-body play
an important role on the turbulent flame structure [52] and pol-
lutants formation [53,54]. However, very few investigations have
been conducted on the swirling cases using LES [55]. In the present
work, the premixed highly swirling flame SwB3 is considered. The
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Table 1
Discretization of the FWF table. The file size obtained
for this table is 93MB.

Coordinate  # of points  Min Max

C 300 0.0 1.0

Ea 7 1.0 4.0

A 2 1.25 mm 2.5 mm
z 16 0.0 1.0

na 4 1.0 4.0

equivalence ratios of inner and outer streams are ¢; = ¢, = 0.75.
The swirl number! is estimated experimentally [41] to S=0.79.
A lower influence of differential diffusion has been observed ex-
perimentally in highly swirling cases and is attributed to a signif-
icant change in the recirculation zone compared to non-swirling
cases. LES simulation of this configuration has been conducted
by [55] using a reduced chemical scheme of 19 species and 15 re-
actions coupled to a transported PDF closure. Although adiabatic
walls and unity Lewis number were assumed, very good agreement
of temperature and species mass fractions profiles were obtained
except for the burnt gases located within the inner recirculation
zone.

The low-Mach number LES solver YALES2 [56] for unstructured
grids is retained in this study. It features a central fourth-order
scheme for spatial discretization while time integration of con-
vective terms is performed with an explicit fourth-order tempo-
ral scheme. The simulations of the SwB3 flame are performed on
two tetrahedral grids. The coarse grid contains 17 -10% nodes with
a resolution Ay = 0.5 mm in the injection tube and flame region.
The fine grid is an homogeneous refinement of the coarse one and
features 135 - 108 nodes with a resolution Ay = 0.25 mm.

An FWF table has been generated from a collection of CHy-air
1-D flames computed at different equivalence ratios going from
¢ =0.5 to ¢ =4.0. A linear prolongation is performed to pure
air and pure CH4 except for source terms which are set to 0 out
of the flammability limits. The iso-line ¢ = ¢y = 0.8 chosen to gen-
erate the FWF pattern corresponds to the maximum value of the
heat release rate. Table coordinates and file size are detailed in
Table 1.

The FWF filter sizes are A =5 x Ay =2.5 mm for the coarse
mesh and A =5 x Ay = 1.25 mm for the fine mesh. For the burner
operating equivalence ratio, ® = 0.75, the ratio A/élo equals 4.8
and 2.4, for coarse and fine meshes, respectively. The flame fil-
ter size is here chosen so that the filtered flame front is well
resolved on a given mesh of size Ay when there is no subgrid
scale flame wrinkling, as in the original F-TACLES formulation [10].
Figure 6 shows however that the filtered flame wrinkling thick-
ness, and consequently the filtered reactive layer [33], increases
with EA. An optimization, not done in the present work, would
be to correlate the flame filter size to Ay but also to np and Ex.

Sub-filter scale flame wrinkling is modeled using a fractal-like
formulation [18,20,57,58] for the wrinkling factor:

Ba = (A/80)F (30)

with a dynamic estimation of the fractal-like parameter 8 which
varies in space and time such as B <[0, 1]. Therefore, the maxi-
mum value of wrinkling E%* for a given mesh is known a pri-
ori and allows to choose properly the maximum value of the Ex
coordinate so that EN* = Amax/élomm. The n, extrema is unde-
termined at the table generation stage as it depends on resolved
LES quantities, accordingly to Eq. (24). The chemical filtered table

1 The swirl number is defined as S = Uig/U, where Uy and U, are the mean tan-
gential and axial velocities above the center of the outer annulus [41].
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Fig. 14. 1-D radial profiles of the mean axial velocity U, at different distances Z
from the bluff-body wall surface. Legend:- - - 17M-FWF-N1, - - = 17M-FWF-N3,
_ - - 17M-FWF-NM, - - - 17M-FPF, __ 135M-FWF-N1,— 135M-FPF, ® @ Experi-
ments.

is here build-up for n, ranging between 1 and 4, which will a pos-
teriori confirmed by the LES.

The different simulations performed in this study are listed
in Table 2. The first simulations are performed on the coarse
mesh to estimate the impact of the n, parameter especially on
the prediction of CO filtered mass fraction. Two simulations are
conducted with the constant values np =1 (17M-FWF-N1) and
na =3 (17M-FWF-N3). A third simulation (17M-FWEF-NM) is per-
formed using the model proposed in Eq. (24). The last coarse mesh
simulation (17M-FPF) is performed using the original F-TACLES
model [10] which assumes Filtered Planar Flamelet (FPF) at the
sub-filter scale. Two simulations are then conducted on the fine
mesh and correspond to the homogeneous mesh refinement of the
F-TACLES model simulation (135M-FPF) and to the FWF model sim-
ulation (135M-FWF-N1) with the constant value np = 1.

7.2. Results analysis

Flow field statistics obtained from the simulation of the swirled
premixed burner are shown in Figs. 14-19. A very good agreement
is obtained on the first mean and RMS profiles at the burner exit
(Z = 2 mm) and validate the inlet boundary conditions against
measurements for all the simulations listed in Table 2. This conclu-
sion is verified for the three velocity components: the axial com-
ponent U, (Figs. 14 and 15); the orthoradial component U; (Figs. 16
and 17) and the radial component U, (Figs. 18 and 19). Going fur-
ther downstream, the mean and RMS velocity profiles remain in
very good agreement with experiments and all the simulations
show identical behavior. In particular, the radial shift of the flow
due to thermal expansion of burnt gases is well captured by the
current modeling strategy.

Mean and RMS profiles of flame temperature profiles are shown
in Figs. 20 and 21, respectively, for axial positions*> z = 10 mm,
z =30 mm, z = 40 mm and z = 50 mm. In this burner configura-
tion, temperature profiles allow to clearly identify the flame brush.
Focusing on the coarse mesh simulations in dashed lines (17M-
FWF-N1; 17M-FWF-N3; 17M-FWF-NM; 17M-FPF), the position of

2 Note that axial positions selected for temperature and chemical species compar-
isons are different from the ones selected for velocity profiles comparisons because
experimental datasets are not available at the same locations.
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Table 2

Summary of the different simulations.

Name Ay Model na Legend
17M-FWF-N1 0.5 mm Filtered Wrinkled Flamelet 1.0 -
17M-FWF-N3 0.5 mm Filtered Wrinkled Flamelet 3.0 -
17M-FWF-NM 0.5 mm Filtered Wrinkled Flamelet Eq. (24) ---
17M-FPF 0.5 mm Filtered Planar Flamelet [10] - ---
135M-FWF-N1 0.25 mm  Filtered Wrinkled Flamelet 1.0 —
135M-FPF 025 mm  Filtered Planar Flamelet [10] - -
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Fig. 15. 1-D radial profiles of the RMS of axial velocity U, at different distances Fig. 17. 1-D radial profiles of the RMS of orthoradial velocity U, at different dis-
Z from the bluff-body wall surface. Legend: - - - 17M-FWF-N1, - - - 17M-FWF- tances Z from the bluff-body wall surface. Legend: - - - 17M-FWF-N1, . - . 17M-
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Fig. 16. 1-D radial profiles of the mean orthoradial velocity U; at different distances
Z from the bluff-body wall surface. Legend: - - - 17M-FWF-N1, - _ = 17M-FWF-
N3, - - - 17M-FWEF-NM, - - - 17M-FPF, — 135M-FWF-N1,— 135M-FPF, ® @ Exper-
iments.

the mean flame brush is accurately predicted on the first positions
while a slight shift is observed further downstream for Z = 40 mm
and Z = 50 mm. This slight shift is also confirmed by RMS com-
parisons but does not seem to depend on the combustion model.
Figure 22a shows an instantaneous iso-surface of the progress vari-
able reaction rate @, colored by the value of the fractal parameter

mean U,

mean U,

Gcooo
0 6 12 18 24 30 360 6
r[mm]

1‘2 1‘8 2‘4 3‘0 3‘6
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Fig. 18. 1-D radial profiles of the mean radial velocity U, at different distances
Z from the bluff-body wall surface. Legend: - - - 17M-FWF-N1, - . = 17M-FWF-
N3, - - - 17M-FWF-NM,- - - 17M-FPF, —_ 135M-FWF-N1,— 135M-FPF, ® @ Experi-
ments.

B <[0, 1] of the wrinkling model for E,. 2-D cut of the instanta-
neous field of E, is also available in Fig. 22b (right). A very large
range of variation of 8 is observed and two main zones can be
identified in the flame: (i) the near burner region where the flame
has a low wrinkling characterized by 8~0 (i.e. EA ~ 1); (ii) fur-
ther downstream where the flame crosses the shear layer holding
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between inner and outer tubes and becomes highly wrinkled with
B reaching values close to 1. As discussed in [52] for non-swirling
cases, this configuration is very challenging for the sub-filter scale
wrinkling model. Assuming that the level of resolved wrinkling
was not sufficient to obtain a correct estimation of the 8 param-
eter, two other simulations are conducted on the refined mesh
(135M-FWF-N1 and 135M-FPF). Results of these simulations are
showed in full lines in both velocity profiles (Figs. 14-19) and
temperature profiles (Figs. 20 and 21). Even though no significant
modification of the mean and RMS velocity profiles are observed,
the mean flame position better compares with experimental data
for all the considered axial positions. The same behavior is noted
both for FPF (135M-FPF) and FWF (135M-FWF-N1) models and is
also confirmed by RMS profiles. The slight misprediction of the
flame brush far from the burner exit can be attributed to the sub-
filter scale wrinkling modeling and seems to be independent from
the combustion models considered here.
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Fig. 21. 1-D radial profiles of the RMS of temperature at different distances Z from
the bluff-body wall surface. Legend: - - - 17M-FWF-N1, - - - 177M-FWF-N3, _ _ _
17M-FWF-NM, - - - 17M-FPF, — 135M-FWF-N1, — 135M-FPF, ® ® Experiments.

An important discrepancy is observed between measured and
simulated burnt gases temperature. This discrepancy is not depen-
dent from the mesh resolution and is found for both FWF and
FPF models. Precedent studies on non-swirling cases [52-54] indi-
cate that such discrepancies may be due to both differential diffu-
sion and/or non-adiabaticity effects which are not included in the
present simulations. The inclusion of such effects within the FWF
framework will be considered in future work. Therefore, detailed
investigations for the present SwB3 case are out of the scope of
the present study.

The ability of the new modeling strategy for predicting pollu-
tants is assessed by comparing simulated and experimental CHy
and CO mass fractions. The mean profiles of chemical mass frac-
tions are plotted in Fig. 23 for CH4 and Fig. 24 for CO. Focusing
on the CHy mass fraction profiles, a behavior very similar to tem-
perature profiles is retrieved. The mean values are in a very good
agreement with experimental results and a slight shift of the pro-
files (17M-FWF-N1; 17M-FWF-N3; 17M-FWF-NM; 17M-FPF) is ob-
served only for coarse mesh. The three FWF simulations on the
coarse mesh give the same prediction in terms of mean flame po-
sition, flame brush thickness and mean CH,4 value suggesting that
the n, parameter has a negligible impact as for temperature and
velocity. Figure 22b shows 2-D cut of the instantaneous field of n
for the 17M-FWF-NM case. It appears that the model predicts a
nearly constant value of np ~ 1 explaining the similarity of both
17M-FWF-N1 and 17M-FWF-NM simulation results. Since the sim-
ulation with planar flamelets at the sub-filter scale (17M-FPF) also
gives very similar results, the effect of the sub-filter scale wrinkling
on the CH4 predictions also has a negligible influence. In this case,
the CH4 mass fraction in the direction normal to the instantaneous
flame front is strictly decreasing. For such major chemical species
and in the case of realistic ratio A/Sl0 > 1, mean values are mainly
controlled by the intermittency between fresh and burnt gases. The
contribution of the sub-filter scale wrinkling of the filtered profiles
are weak. This is also true for temperature profiles as discussed in
the a priori study in Sec. 2 and confirmed by Figs. 20 and 21.

The focus is now made on CO mass fraction profiles shown
in Fig. 24 and representative of intermediate species not present
in fresh and burnt gases. Two coarse mesh simulations with the
constant values np =1 (17M-FWF-N1) and np = 3 (17M-FWF-N3)
are shown and a third simulation (17M-FWF-NM) uses the model
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proposed in Eq. (24). As shown in Fig. 22b and discussed pre-
viously, 177M-FWF-NM predicts a nearly constant value of n, ~ 1
and therefore behaves close to 177M-FWF-N1 simulation. Addition-
ally, no differences are observed between 17M-FWF-N1 and 17M-
FWF-N3 cases showing that the impact of n, on filtered species
mass fractions remains negligible in this case even for intermedi-
ate species. This observation is in line with the a priori analysis
conducted in Section 3.4 (Fig. 8) especially for the ratio A/8l° ~5
of the simulated cases.

The refined FWF simulation has been conducted only for ny =
1 (135M-FWF-N1) because of the smaller impact of n, expected
for lower ratio A/Slo. A greater impact of ny may be found for
less resolved LES or higher operating pressures (i.e. smaller lami-
nar flame thickness). This motivates the choice to keep na as a pa-
rameter of the model even if its impact is negligible in the present
study. Predictions using FPF (17M-FPF) is slightly below FWF (17M-
FWF) near the flame basis (Z = 10 mm) where the sub-filter scale
wrinkling is low. At this location, the flame brush is thin and com-
pares with flame thickness. In this particular case, it is expected
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Fig. 24. 1-D radial profiles of the mean CO mass fraction at different distances Z
from the bluff-body wall surface. Legend: - - - 17M-FWF-N1, - _ _ 17M-FWF-N3,
- - - 17M-FWF-NM, - - - 17M-FPF, — 135M-FWF-N1, — 135M-FPF, ® @ Experi-
ments.

that the equivalent filtering volume of measurements is not neg-
ligible compare to the flame brush and may lower the real max-
imum value of the experiments [59] as observed here. The dif-
ferences of CO mean values increase further downstream where
the SGS wrinkling increases and FWF keeps better predicting CO
levels. At axial positions Z = 40 mm and Z = 50 mm, a strong
influence of the model is indeed observed. Adding the wrinkling
factor as a supplementary table coordinate enables an accurate
prediction of CO in the flame brush regions. A similar conclusion
has been obtained in a Reynolds-Averaged Navier-Stokes (RANS)
context by [60] where a turbulent premixed flame was computed
using a level-set G-equation model coupled to a flamelet library
model of Peters [32]. The impact of flame wrinkling on CO pro-
files was accounted for by rescaling length scale coordinate (i.e.
the mean distance function G) and was compulsory to retrieve cor-
rect mean CO profiles against experiments. This conclusion is also
confirmed by the comparison of FPF (135M-FPF) and FWF (135M-
FWEF-N1) refined mesh simulations where the same behavior is re-
produced. As excepted, a lower discrepancy between the refined


Benoit Fiorina


mesh predictions of both models is observed since the ratio A/(SIO
(and therefore the level of unresolved wrinkling) is twice lower.

8. Conclusion

A new methodology is proposed to analyze and capture the
impact of the flame wrinkling at the sub-filter scale. A progress
variable iso-line is assumed sinusoidal in a 2-D plane and
parametrized by its wavelength L, = A/n, and its amplitude A.
The distance function from this iso-line is then used to reconstruct
a 2-D wrinkled flamelet from the thermochemical structure of a
1-D premixed flame computed with detailed chemistry. The FWF
model estimates the unclosed terms of the filtered progress vari-
able equation by explicitly filtering this 2-D wrinkled flame for dif-
ferent filter sizes A, different wrinkling levels E, and different
wavelength parameters n,. The model is implemented and vali-
dated in both a priori and a posteriori analysis. A priori compar-
ison is conducted in the statistical formalism and shows a good
behavior of the FWF Filtered Density Function when compared to
a filtered DNS database. FWF model is then applied to the turbu-
lent premixed and swirling flame SwB3 stabilized behind a bluff-
body. A very good agreement of velocity, temperature and species
mass fraction profiles is obtained against experiments. FWF re-
sults are also compared to the original F-TACLES formulation which
does not account for the impact of sub-filter scale wrinkling on
the filtered flame structure (assumed planar). A clear improve-
ment of the intermediate species mass fraction prediction is ob-
served.. The prediction of major species and temperature profiles
are identical for both models. In the other hand, the influence of
the wavelength parameter n, is found negligible in this configu-
ration for which A/él‘) ~ 5. These results show that, for a given
sub-filter scale wrinkling E,, accounting for the impact of the
wrinkling on filtered intermediate chemical species is of primary
importance while geometrical details of the wrinkled flame pat-
tern at the sub-filter scale are of lower importance. However, ac-
counting for sub-filter scale wrinkling on filtered flame structure
to predict only major species and temperature appears to be un-
necessary. It means that the model has a strong passive impact
on the species post-processing but a slight active impact on the
progress variable source term and on the flame heat release. The
main limitation of the proposed modeling approach is the flamelet
assumption associated to tabulated chemistry. Therefore, the ex-
tension to other combustion regimes (thin reaction zone), mixing
regimes (partially-premixed, diffusion) and especially multi-regime
cases may be difficult. Future work will explore the coupling of
FWF model with transported chemistry which may help to gener-
alize the present approach.

Finally, the gain of the method depends on the quantity of in-
terest. Benefit remain low in steady flame situations where equi-
librium is reached at the combustion chamber exit. Standard fil-
tered or thickened flamelet-based models are indeed able to pro-
vide equilibrium species mass fluxes. Benefit are however higher
in configurations where the flame is sensitive to unsteady phe-
nomena such as local extinction, as for instance in emerging low-
temperature combustors. In such situations, as products does not
necessarily reach equilibrium at the exit of the chamber, an accu-
rate prediction of the local mass of species is mandatory. Here the
effort has been made on CO as experimental measurements were
available but the overall methodology is of interest for predicting
other pollutant species such as for instance NOx or soot precursors.
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