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Abstract: The non-premixed filtered tabulated chemistry for large eddy simulations employs nu-
merical filtering to resolve a thin flame front on practical LES numerical grids. The flame structure is
modified to be coherent with the domain discretization. The first turbulent combustion application
of the non-premixed filtered tabulated chemistry approach is presented. A keen comparison of the
flamelet filtering transformation in the premixed and non-premixed regimes is carried out. Three
distinctive features are outlined: the flame thickness variation, the filtered manifold transforma-
tion, and the model activation dependence on the chosen diffusion flamelet configuration for a
non-premixed filtered approach. The model performance is assessed on two real turbulent flame
configurations, Sandia flames D and E, employing a three-dimensional tabulation strategy, where
the numerical grid is coupled with the model by the third parameter, i.e., the computational cell size.
The repercussions of the above cited aspects are carefully assessed. The results demonstrate that the
formalism coupling with an SGS modeling function can adequately describe wrinkled flame front
effects. The predictions for both the major stable species and the minor ones accurately correspond
with the underlying physics. It turns out that there is a substantial variation of the filter effect as
a function of the strain rate of the flame and the considered species. The varying filter sensitivity
along the manifold influences the response of the model correction terms and the retrieved variables.
The non-premixed FTACLES formalism possibilities and conditions for the model’s utilization and
optimal performance are clearly stated, to confirm the idea that SGS closure in diffusive combustion
can be derived based on filtering arguments, and not only based on statistical approaches.

Keywords: turbulent non-premixed combustion; Sandia flames D and E; filtered tabulated chemistry
for LES

1. Introduction

Chemistry tabulation is a reduction technique through which the computational time
can be significantly reduced while applying complex chemical kinetics [1,2]. This enables
the modeling of practically relevant problems, i.e., ethanol spray combustion [3] or oxy-
flame combustion [4] with remarkable precision. The flamelet approach is a consolidated
chemical database generation methodology [5–7], thereupon it has been extended to en-
compass the solution steadiness [8,9] and dimensionality [10]. On a diffusion flame where
the mixing between fuel and oxidizer takes place with sufficiently high gradients, a laminar
diffusion flamelet defines the thin layer where combustion occurs plus the surrounding
inert mixing region [11,12]. It follows that a set of one-dimensional laminar flamelets can be
generated to cover the whole span and thus describe a real laminar flame [13]. The stiff and
computationally expensive species transport equations are solved in a pre-processing state,
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they are parameterized in terms of control variables and stored in a look-up Table [14]. The
reason for the outstanding improvement from the computational point of view lies in the
fact that the chemical evolution of the system is entirely described by the transport of a few
control variables [15].

For diffusion combustion, the classical laminar flamelet approach employs a param-
eterization in terms of the mixture fraction and the scalar dissipation rate [16], while the
Flamelet Progress Variable (FPV) [17,18] adds a reaction progress parameter to the passive
scalar. The latter formulation enables the representation of the whole flamelet structure,
i.e., the different possible states from the S-shaped curve obtained by analyzing the sto-
ichiometric temperature evolution as a function of the stoichiometric scalar dissipation
rate [19]. Presumed probability density functions (PDF) are broadly employed to model
the turbulence-chemistry interaction for non-premixed combustion [20–22], though other
alternatives include conditional source term estimation [23] or artificial inteligence [24].
For premixed combustion, well-known flamelet tabulation methods include the Flamelet
Generated Manifold (FGM) [14] and the Flamelet Prolongation of ILDM (FPI) [25]. The typ-
ical premixed flame thickness δ0

l lies in the range [0.1–1] mm [26], and hence cannot be
resolved on a large eddy simulation (LES) numerical grid. The Artificially Thickened Flame
(ATF) [27] coupled with FGM [28–30], and the premixed Filtered Tabulated Chemistry for
LES (FTACLES) [31] are two well developed turbulent combustion chemistry tabulation
strategies to overcome this difficulty. The modified turbulence chemistry interaction is then
carefully addressed employing sophisticated subgrid scale wrinkling models [32–34].

The idea of direct flamelet filtering is quite attractive within the Large Eddy Simulation
(LES) framework as it directly links the numerical grid resolution and the turbulent com-
bustion model. The premixed FTACLES [31] is a well-known approach whose theoretical
foundation is substantiated considering two flame properties: the flame thickness and the
laminar flame speed. The former is lower than the grid size, which justifies the use of the
filter in order to render it resolvable, while the latter is conserved through the filtering op-
eration if flame wrinkling effects are neglected. Due to intrinsic non-premixed combustion
characteristic features, these statements no longer hold for the diffusion controlled regime.
It follows that while mathematically alike, a careful theoretical and numerical assessment
of the non-premixed FTACLES is highly necessary.

First, a keen comparison of the flamelet filtering transformation in the two regimes is
carried out. The main differences are identified, thus the features which could influence
the performance, or to which attention should be paid for the non-premixed model applica-
tion are outlined. The attention is focused on three aspects: the varying flame thickness
and the effect over the flame front resolution, the filtered manifold transformation and
the retrieved variables description, and the convenience of the chosen diffusion flamelet
configuration for a non-premixed filtered approach. The model performance is assessed
on real turbulent flame configurations for which numerical studies using flamelet-based
tables in both regimes have delivered satisfactory results, thus offering an ideal condition
for the formalism comparison. The model response and the influence of the identified
characterizing aspects are then carefully assessed.

The main contributions of this paper are two-fold: it presents the first evaluation of the
non-premixed FTACLES under turbulent conditions, thus demonstrating the consistency
and adequate performance of the formalism. Furthermore, the distinction between pre-
mixed and non-premixed flamelet filtering is highlighted, though it was briefly mentioned
in previous work [35], where a profound analysis has so far not been carried out. The cur-
rent study departs from an insightful description of the filtering properties as a function of
the combustion regime to theorize on practical implications, and carefully analyze their
repercussion on the obtained results. This is quite relevant for the combustion community
as it provides a clear perspective of the non-premixed FTACLES formalism possibilities
and conditions for the model’s utilization and optimal performance.

The paper is structured as follows: In Section 2, the numerical modeling along with the
flamelet filtering concept is introduced. The implementation is described, and the main dis-
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tinctive features for both the combustion regimes are highlighted. The study cases, Sandia
flames D and E are presented altogether with the numerical methods. Section 3 presents the
velocity, mixture fraction and temperature profiles, showing that the formalism adequately
describes the flow field and the combustion reaction evolution. Subsequently Section 4
digs deeper on the model performance: the species prediction, retrieved from the table is
analyzed and the transformation due to the filtering operation is discussed. Hence, this
section addresses the effect of the combustion regime employed for the flamelet generation
on the chemical flame structure description. Section 5 is devoted to the conclusions and
final remarks.

2. Materials and Methods
2.1. Flamelet Equations

In FGM, the flamelet equations [36] are one-dimensional expressions which describe
mass, species and energy conservation in a flame-adapted coordinate system

∂ρu
∂s

+ ρK = 0 , (1)

∂ρuYi
∂s

+ ρKYi =
1

Lei

∂

∂s

(
λ

cp

∂Yi
∂s

)
+ ω̇Yi , (2)

∂ρuh
∂s

+ ρKh =
∂

∂s

[
λ

cp

∂h
∂s

+
Ns

∑
1=1

hi
λ

cp

(
1

Lei
− 1
)

∂Yi
∂s

]
, (3)

where s is the spatial coordinate perpendicular to the flame front, K the flame stretch rate,
Yi the mass fraction of species i, and h the enthalpy. Lei is the Lewis number of species
i, λ the thermal conductivity, cp the specific heat at constant pressure, ω̇Yi the chemical
production rate, and Ns the total number of species.

The counterflow flame configuration can be used to describe diffusion flames, where
the two-dimensional flow field effects are taken into account through the local stretch rate
K [37]. Thus, a transport equation for the stretch field is solved [38]

∂ρuK
∂s

=
∂

∂s

(
µ∂K
∂s

)
− 2ρK2 + ρ2a2 , (4)

where a is the applied strain rate s−1 and ρ2 the density, both at the oxidizer stream.
Moreover, the mixture fraction is obtained from the transport of a passive scalar with the
assumption of Le equal to unity

∂ρuZ
∂s

+ ρKZ =
∂

∂s

(
λ

cp

∂Z
∂s

)
, (5)

The progress variable c is defined as a linear combination of n chemical species

c =
n

∑
i=1

γiYi , (6)

where γi is a weight factor. For cases where differential diffusion plays a non-negligible
role, different approaches can be employed to deal with non-unity Le, e.g., through c
transport [10], or by means of a generic control variable parameterization [39].

The solution of the flamelet equations at varying K generates a non-premixed low-
dimensional manifold, while the equivalence ratio θ modification is employed for the
premixed manifold generation. For an adiabatic condition the thermodynamical and
chemical properties Φ = {T, ρ, µ, D, Yi, ω̇Yi} can be uniquely parameterized as Φ = f (Z, c).
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2.2. Filtered Reactive Flow Governing Equations

In the tabulated chemistry context, a reactive flow can be described solving the pa-
rameterizing variables transport equations together with the continuity and momentum
equations. Applying a filtering operation as it would be in LES, for an adiabatic condition,
and assuming Le = 1, the resulting system reads

∂ρ̄

∂t
+

∂

∂xi
(ρ̄ũi) = 0 , (7)

∂ρ̄ũj

∂t
+

∂

∂xi
(ρ̄ũiũj) =

∂

∂xi
τ̄ij −

∂

∂xi
τ̄t

ij −
∂

∂xj
P̄ , (8)

∂ρ̄Z̃
∂t

+
∂

∂xi
(ρ̄ũiZ̃) =

∂

∂xi

(
ρ̄D̃

∂Z̃
∂xi

)
+ ΩZ + αZ , (9)

∂ρ̄c̃
∂t

+
∂

∂xi
(ρ̄ũi c̃) =

∂

∂xi

(
ρ̄D̃

∂c̃
∂xi

)
+ ω̇c + Ωc + αc , (10)

where (·) and (·̃) correspond to the spatial filter and the Favre or mass-weighted spatial
filter, respectively. τij the shear stress tensor, τt

ij the SGS stress tensor, and P the pressure. D
is the molecular diffusivity, ω̇c the unresolved chemical production term, and employing
ϕ for the parameterizing variables Z and c, Ωϕ and αϕ express the unresolved convective
and diffusive contributions

Ωϕ = − ∂

∂xi
(ρui ϕ− ρ̄ũi ϕ̃) , (11)

αϕ =
∂

∂xi

(
ρD

∂ϕ

∂xi

)
− ∂

∂xi

(
ρ̄D̃

∂ϕ̃

∂xi

)
, (12)

whose computation will be presented subsequently.

2.3. Filtered Tabulated Chemistry Closure

The FTACLES formalism is based on the idea that if there is no SGS wrinkling,
Equations (11) and (12), as well as the unresolved chemical production can be estimated by
directly filtering the one-dimensional flamelet solutions. Despite the general validity of the
proposed methodology, the flame structure transformation will incontestably change as a
function of the chosen configuration. The premixed FTACLES has been derived considering
that the mixture fraction does not change along the flamelet, hence the filtering correction
terms exclusively attain c equation. Contrarily, regarding the non-premixed FTACLES the
flame structure, i.e., Z profile is modified by the filtering operation. Thus, additionally to c
equation correction, closure terms are explicitly computed and included in the form of a
source term in Z transport equation as well. This section describes the formulation and
computation of the closure terms for premixed and non-premixed flamelets. Subsequently,
the main differences between the two regimes are briefly exposed.

2.3.1. Premixed Regime

The premixed FTACLES [31] is a strategy in which directly filtering one-dimensional
flamelets and carefully addressing the closure terms, both the speed of flame propagation
in addition to the filtered flame structure can be correctly retrieved on an LES approach.
The model has been combined with dynamic wrinkling procedures [34], and employed
on stratified flames with [40,41] and without adiabatic effects [42] as well as on ignition
process assessment [43].

The formalism is based on the fact that if there is no wrinkling at the subgrid scale,
the propagation speed of the filtered flame front s∆ does not differ from the laminar flame
speed s0

l
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ρ0s∆ =
∫ ∞

−∞
ρ̄ ˜̇ωc(x)dx =

∫ ∞

−∞
ρω̇c(x)dx = ρ0s0

l . (13)

A Gaussian filter, corresponding to the Gaussian distribution with mean zero and
variance σ2 = 1

12 ∆2 [44], is then employed

F(x) =
6

π∆2

1/2
exp
(
−6x2

∆2

)
. (14)

where ∆ is the filter size. The model estimates ˜̇ωc through direct filtering as:

˜̇ωc =
1
ρ̄

∫ ∞

−∞
ρ(x′)ω̇c(x′)F(x− x′)dx′ . (15)

Due to the properties of the filter function F(x), i.e.,
∫ ∞
−∞ F(x)dx = 1, Equation (13)

holds and in this way the adequate values for s0
l are obtained independent of the filter

size employed.
The unclosed convective and diffusive terms in Equation (10) are explicitly computed

taking into account the filter effect over the flame structure as:

Ωc = −
∂

∂xi
(ρuic− ρ̄ũi c̃) = −ρ0s0

l

(
∂c∗

∂s
− ∂c̃∗

∂s

)
, (16)

αc =
∂

∂s

(
ρ∗D∗

∂c∗

∂s

)
− ∂

∂s

(
ρ̄∗D̃∗

∂c̃∗

∂s

)
, (17)

where (∗) corresponds to quantities issued from the one-dimensional flamelets. The trans-
ported c equation reads

∂ρ̄c̃
∂t

+
∂

∂xi
(ρ̄ũi c̃) = Sξ

[
∂

∂xi

(
ρ̄D̃

∂c̃
∂xi

)
+ αc + Ωc

]
+ ξω̇c

+(1− S)
∂

∂xi

[
ρ̄
(

D̃ + Dt
) ∂c̃

∂xi

]
,

(18)

where S is the flame sensor, ξ the efficiency function and Dt the turbulent diffusion coeffi-
cient. The first RHS term depicts the active sensor condition which occurs in the reacting
layer. It is replaced by the third RHS term in pure mixing regions where the subgrid flux of
scalar quantities is estimated using a gradient diffusion hypothesis as in [34]. The premixed
FTACLES activation is performed employing the flame sensor proposed in [45]

S(c) = 16
[
c(1− c)2

]
. (19)

The efficiency function takes into account the modified flame turbulence interaction.
The linear model proposed in [27] is used

ξ =
Ξ(δ0

l )

Ξ(δ1
l )

=

1 + αΓ
(

∆
δ0

l
, u′∆

s0
l

)
u′∆
s0

l

1 + αΓ
(

∆
δ1

l
, u′∆

s0
l

)
u′∆
s0

l

. (20)

where Ξ the wrinkling factor, δ1
l the filtered flame thickness, α a model constant, Γ a function

to estimate the SGS strain rate and u′∆ the SGS turbulent velocity computed employing a
similarity assumption, which considers the rotational part of the velocity field, and so the
influence of the dilatational component is omitted.

The mixture fraction transport Equation (9) is solved employing a gradient diffusion
hypothesis to model the convective component from Equation (11), while the unclosed
diffusive term from Equation (12) is neglected
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∂ρ̄Z̃
∂t

+
∂

∂xi
(ρ̄ũiZ̃) =

∂

∂xi

[
ρ̄
(

D̃ + Dt
) ∂Z̃

∂xi

]
. (21)

The impact of the subgrid scale Z fluctuations in the chemical flame structure is
neglected as in [34].

2.3.2. Non-Premixed Regime

For the non-premixed regime the computation of the unclosed terms has been carefully
addressed by Coussement assuming the flame structure to be similar to a planar-filtered
counterflow flame at a given strain rate [46]. The velocity vector u is decomposed into
the velocity of the flame front (localized on a given iso-Z and constant over the flame)
and the local velocity in the flame front. Referring to the flamelet solutions with the
symbol ∗, Equation (11) can be expressed in terms of the contributions in flame front local
coordinates as:

Ωϕ =
∂

∂s
(
ρ∗u∗ϕ∗ − ρ̄∗ũ∗ ϕ̃∗

)
+
(
ρ∗K∗ϕ∗ − ρ̄∗K̃ ϕ̃∗

)
, (22)

where u and K are the variables defined in the flamelet Equations (1)–(3).
Considering the vector normal to the flame front n = ∇Z̃/|Z̃|, and assuming that ∇Z

and ∇ϕ are aligned according to [47], the diffusive term becomes:

αϕ =
∂

∂s

[
ρ∗D∗

∂ϕ∗

∂s
sign

(
∂Z∗

∂s

)
n

]
− ∂

∂s

[
ρ∗0 D∗0

∂ϕ̃∗

∂s
sign

(
∂Z̃∗

∂s

)
n
]

(23)

Details about the derivation can be found in [46].
Acknowledging that in the non-premixed approach both Z and c are modified by the fil-

tering operation, the transport of both parameterizing variables described in
Equations (9) and (10) can be rewritten as

∂ρ̄ϕ̃

∂t
+

∂

∂xi
(ρ̄ũi ϕ̃) = Sξ

[
∂

∂xi

(
ρ̄D̃

∂ϕ̃

∂xi

)
+ αc + Ωc

]
+ ξω̇ϕ

+(1− S)
∂

∂xi

[
ρ̄
(

D̃ + Dt
) ∂ϕ̃

∂xi

]
,

(24)

where ω̇Z = 0.
The one-dimensional counterflow configuration assumption represents a key issue in

the derivation of the non-premixed FTACLES model. This constraint does not rely on the
filtering principle itself, which can be applied to any arbitrary configuration, but it obeys
the fact that the model correction terms have been determined to satisfy the equations de-
scribing this specific configuration. There are phenomena taking place on multidimensional
non-premixed flames which do not coincide with the fundamental counterflow flamelet
assumptions, which might lead to an unphysical response of the non-premixed filtered
tabulated chemistry model as demonstrated for the case of a laminar coflow diffusion flame.
Hence, the employed sensor compares the mixture fraction gradients of the simulation and
of the tabulated flamelet in order to guarantee the counterflow flame hypothesis

S = H(∇Zsim/∇Z f l − ct) =
{

0 if ∇Zsim/∇Z f l < ct
1 if ∇Zsim/∇Z f l ≥ ct

, (25)

where H is the Heaviside or unit step function and ct corresponds to a tolerance that takes
into account the varying effect of the numerical grid resolution as a function of the flamelet
strain rate.
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2.3.3. Premixed and Non-Premixed Distinctive Features

There are substantial differences between the filtering of a premixed and a non-
premixed flame. They emerge due to intrinsic features of the two regimes as summarized
in Table 1. The first part of this section presents two distinctive intrinsic features of the two
regimes and clearly states the difficulties or open questions that should still be answered.
The section concludes with a second type of distinction concerning the model coupling
with the transport equations and the application under real conditions. It addresses the
employed flame sensor, i.e., the mathematical expression defining the model activation
criterion, and the different conceptual justification in the two conditions.

Table 1. Distinctive features between the premixed and non-premixed FTACLES.

Assumption Premixed Non-Premixed Effect

Charact. velocity s∆ = sl no SGS
wrinkling sl None Lack of conserved

property
Charact. thickness δ < ∆ Flame property f (t) or f (K) δd ≈

( D
K
)0.5 Uneven ∆ sensitivity

c evolution Monotonic Non-monotonic Flamelet shift

(a) Flame thickness variation

The typical flame thickness of premixed flames varies in the range [0.1–1] mm [27,48],
and thus cannot be resolved on typical LES numerical grids [28]. The premixed FTACLES
exploits this flame property, and emphasizes the advantages of the approach to retrieve
the correct laminar flame speed when δ0

l < ∆. However, regarding the lack of flame
thickness in non-premixed flames defining a characteristic length scale [13], it is no longer
an intrinsic flame property but instead varies either as a function of the strain rate or
of time for an unstrained diffusion flame. Moreover, the mixing layer thickness scales
with K−0.5, therefore spanning a wide range of values as the equilibrium and the last
ignited flamelet strain rates differ by orders of magnitude within a manifold. Figure 1
compares the premixed and non-premixed flame thickness behavior, and its response to
the filter operation.
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(a)
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∆ = 4 mm
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(b)
Figure 1. Flame thickness along a (a) premixed and (b) non-premixed CH4–air manifold as a function
of the equivalence ratio θ and the strain rate K, respectively, for different filter sizes.

For the premixed case depicted in Figure 1a, the unfiltered flame thickness lies between
[0.5–1] mm within equivalence ratio bounds 0.6 ≤ θ ≤ 1.4. Thus, for this range the
filtered flame thickness converges to a specific value as a function of the filter size, i.e.,
δT = f (∆), therefore, the filtered profile transformation will be very similar for all the
flamelets. Figure 1b presents the non-premixed case, where δZ significantly decreases
with K, delivering a reduction of almost two orders of magnitude in the unfiltered flame
thickness. Two extreme conditions exist: an almost unmodified low strained region,
and a zone in which the thickness converges for all the strain rates bigger than a given
threshold K > Kth = f (∆), so that finally δZ = f (∆, K). It turns out that while for a
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premixed manifold a given filter size modifies the most reactive region approximately
uniformly, i.e., around θ = 1, its effect will completely vary all over the manifold for the
non-premixed condition.

The huge flame thickness variation has important consequences over the flame front
resolution. For premixed FTACLES, criteria have been proposed to determine the minimum
number of points to correctly resolve the gradients, and the thickness uniformity allows
the numerical grid optimization to satisfy the condition. The random nature of turbulence
continuously modifies the flame strain, so that a wide region of the chemical space might
be accessed, and if experimental data or previous simulations are available, the bottom
limit can be determined in terms of a diffusion counterflow flamelet describing a similar
trajectory. However, ensuring the resolution up to this level might impose a quite elevated
computational cost not necessarily justifiable, especially if the highly strained events
correspond to fluctuations with respect to a mean trajectory described by a less strained
flamelet. For the low strained events the flame front might be over resolved, while only
a few points might be available when considering high strained ones which are also
characterized by bigger model correction terms contribution.

The mesh refinement has been determined based on the kinetic energy resolution, and
the impact of this discretization strategy over the model performance should be assessed.

(b) Filtered manifold transformation

By definition the reaction progress variable evolves monotonically throughout a
premixed flame. For a diffusion flame on the contrary, c attains its peak value around
Zst and vanishes toward Z = 0 and Z = 1, i.e., the fuel and oxidizer streams. There
are also flame variables which might present a monotonic behavior in freely propagating
premixed flames, e.g., CO2, H2O, and the temperature for a CH4–air mixture. Due to
their different internal structures, they perform differently on the counterflow diffusion
counterpart. Hence, the filtering operation not only extends and smoothens a given profile,
but for non-monotonic functions it additionally decreases the peak value depending on the
gradients and the filter size.

If preferential diffusion effects are neglected, the mixture fraction does not change
within a planar premixed flamelet, therefore the filtering operation extends c profile phys-
ically, while its trajectory remains unmodified in Z space. For the non-premixed case
on the contrary, both c and Z profiles are modified by the filtering operation. Due to c
non-monotonic evolution, its filtered peak value decreases and the flamelet trajectory in
the parameterized space changes. Hence, the filtered manifold undergoes a completely
different transformation as a function of the considered regime. For the premixed condition,
the modification of a given filtered species in the parameterized space will be determined
by its degree of correlation to c, while for diffusion flames Z must additionally be taken into
consideration. Figure 2 illustrates the temperature mapping variation due to the filtering
operation for premixed and non-premixed manifolds. The latter is generated exclusively
employing steady flamelets and no continuation method is employed after extinction takes
place, which explains the incomplete description of the chemical space distinctly observed
for the unfiltered case.

In the premixed manifold c and T are highly correlated, the transformation undergone
by the two variables is nearly identical, and the temperature is barely altered in the filtered
manifold. This is a very interesting feature, because it reveals that the premixed FTACLES
model affects c transport, but afterwards the flame variables will be retrieved equally
either from a filtered or an unfiltered manifold. On the non-premixed manifold, the
flame thickness and thus the filter sensitivity changes with K as explained above. In the
upper manifold region close to chemical equilibrium, the temperature modification is
marginal while for the higher strain rates, c profile is substantially clipped giving origin
to a manifold extension towards the pure mixing condition, i.e., the line c = 0. It follows
that the retrieved flame variables at a given chemical space point P0 = (Z0, c0) will change
depending on the filter size. Though this behavior is fully consistent with the filtered flame
structure, its comparison for instance with experimental data might be not a straightforward



Fuels 2022, 3 494

task. Therefore, it should first be carefully appraised considering the mean values, and
subsequently for the much more challenging fluctuations prediction.

Figure 2. Temperature mapping for premixed (top) and non-premixed (bottom) manifolds.

(c) Flamelet configuration and model activation

In order to distinguish between chemically reacting and pure mixing zones, the pre-
mixed filtered or thickened flame front approaches take advantage of a flame sensor. This
numerical tool handles the model activation on the former, while in the latter convection
and diffusion determine the scalar transport. Definitions have been proposed, e.g., based
on c [45], on its source term ω̇c [34], or on its gradient [49], and they can be either computed
on the fly or precomputed and stored in the lookup table.

Considering that the non-premixed FTACLES model applies the filtering operation in
physical space, there is a direct connection between the formalism correction terms and
the chosen configuration. It follows that the one-dimensional counterflow assumption
plays a major role, though the filtering principle itself is suitable to any arbitrary setup.
For instance, the discrepancies between the fundamental counterflow flamelet assumptions
and multidimensional phenomena found on non-premixed flames lead the non-premixed
filtered tabulated chemistry model to an unphysical response as demonstrated for the case
of a laminar coflow diffusion flame [35]. In this work, appropriate model performance was
obtained introducing a sensor that assured the counterflow flame hypothesis through a
comparison of the simulation and reference flamelet mixture fraction gradients.

The flamelet approach is a well-developed technique where the chemical represen-
tation obtained from counterflow diffusion flamelets satisfactorily captures the flame
behavior. The varying flamelet thickness along the aforementioned manifold clearly af-
fects the scalar gradients magnitude, and therefore the sensor activation in the filtered
non-premixed formalism. Hence, a substantial difference between this approach and its
premixed counterpart is that the model activation is not attached to a specific flame front
region, but it will depend on the flame topology and mesh resolution. It is therefore neces-
sary to assess the adequacy of the counterflow flamelet configuration for the representation
of turbulent phenomena employing a filtered approach, taking into account the degree of
model activation and the flexibility and smoothness between activated and deactivated
conditions, to appropriately describe the real phenomena.
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2.4. Description of Investigated Cases

The piloted partially premixed methane/air Sandia flames D and E configurations [50]
are selected and simulated. The main jet consists of a mixture 25%CH4 and 75%air by
volume, entering through a pipe with D = 7.2 mm. The pilot stream has a diameter
D = 18.2 mm, an equivalence ratio of φ = 0.77 and a temperature T = 1880 K. The un-
confined system ends with an outer air coflow at T = 291 K. The fuel jet bulk velocity
is UFuel = 49.6 m/s and UFuel = 74.4 m/s, and the pilot velocity UPilot = 11.4 m/s and
UPilot = 17.1 m/s, for flames D and E, respectively. Therefore, the former presents a
very small probability of local extinction which increases for the latter. Due to the high
mixing rates, combustion takes place in diffusive regime with the reaction zone around the
stoichiometric value. The statistical errors of the measurements for the mean major species
and temperature have been reported to be below 5% and those for CO are below 10% [51].

The CFD code OpenFOAM is used with a low-Mach pressure-based approach. The com-
bustion is addressed employing various tabulated chemistry models. The system can be
considered adiabatic, therefore the thermophysical state can be fully described by means of
Z and c, and no energy equation is transported. Different solvers, i.e. lowMachNonPrem
FTACLES f oam, lowMachPremFTACLES f oam and lowMachFPV f oam, depending on each
specific combustion model are employed, hence the exact formulation of Z and c equations
varies as a function of the closure approach. A merged PISO-SIMPLE algorithm is applied
for coupling the outer iterations, i.e., velocity, with the inner ones, i.e., pressure and the
controlling variables. First, the filtered velocity is predicted employing the field variables of
the previous iteration step. Then, Z and c are solved and the thermodynamic properties are
updated from the tabulated database. Finally, pressure equation is solved and the velocity
is corrected. Altogether six equations are solved, three for the momentum, and one for p, Z
and c, respectively. In addition, the mixture fraction variance Z2

v is also solved according
to the presumed β-PDF model as below specified. Turbulence generation at the inlet is
based on the digital filter method by Klein et al. [52]. The WALE model [53] is used for
the subgrid scale turbulence while the SGS scalar fluxes are closed either with the eddy
diffusivity model or with the explicit FTACLES model terms. The employed boundary
conditions are summarized in Table 2.

Table 2. Flame D and E boundary conditions. z.G stands for zero-gradient.

Stream Z c U (m/s) p (Pa)

Fuel 1 0 UFuel z.G
Pilot 0.276 0.7042 UPilot z.G

Coflow 0 0 0.9 z.G
Wall z.G z.G 0 z.G
Side z.G z.G pressureInletOutletVelocity totalPressure

Outlet z.G z.G pressureInletOutletVelocity totalPressure

The three-dimensional numerical grid schematically represented in Figure 3a is conical,
non-uniform, structured with an O-grid, and consists of a pipe LP = 13D and a combustion
chamber Lch = 80D. Two different resolutions denoted by M1 and M2, respectively,
are used in this study, as described in Table 3. The mesh M2 results from a systematic
coarsening of mesh M1, with a factor close to 1.5 in all directions, which reduces the cell
number by a factor of 2.5.

Table 3. Numerical grid parameters. n is the number of divisions, the subindex ch stands for chamber,
p for pipe, r for radial, and L for axial direction.

Code nr,ch nr,p nω nL,ch nL,p Cells

M1 143 24 17 394 145 4 Mio
M2 108 15 11 329 100 1.6 Mio
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Figure 3. Sketch of the numerical mesh (a) and temperature field for Flame D (b).

The simulations are performed on the Mother High Performance Computer of the
Institute of Energy and Power Plant Technology at the Technical University of Darmstadt
for the phase 3 infrastructure. A decomposition into 96 processors, was used for M1 and
48 processors for M2. After a statistically stationary flow was obtained, the results were
averaged for 0.11 s, for which the study in [51], using the same domain length of 80D,
proved the statistics convergence.

In order to verify the mesh adequacy, as well as the inlet parameters for the turbulence
generator, Flame D is initially investigated using the FPV model, before assessing the
non-premixed FTACLES model. In this approach the turbulence chemistry interaction is
taken into account by means of a joint subgrid PDF of Z and c. A presumed β = f (Z, Z2

v) is
chosen for the former, while the conditional subgrid PDF P(c|Z) is modeled employing a δ
function for the latter as in [17]. Hence, additional to the six aforementioned transported
variables the variance of the mixture fraction Z2

v is solved as well.
As will be seen in Section 3, the velocity and mixture fraction results correctly match

the experiments, and the jet spreading rate is adequately predicted. The temperature
profiles are compared where the experimental data are properly predicted. The numerical
grid and the case settings have been successfully validated so that the FTACLES approach
can be assessed.

2.5. Numerical Setup

The numerical implementation of the filtered tabulated chemistry model is conducted
within the framework of the open source CFD code OpenFOAM 2.4.0. The solution of
momentum, pressure and the parametrizing scalars is achieved employing the PIMPLE,
i.e., merged PISO-SIMPLE, algorithm coupled with a low-Mach approach according to [54].
Second-order schemes are used for the temporal and spatial discretization.

2.6. Filtered Chemical Database

The manifolds are generated using the FGM method, solving the set of Equations (1)–(5).
For the premixed case, freely propagating flames are employed, the mixture fraction is
varied from the bottom to the top flammability limits, Z = 0.022 to Z = 0.16, respectively, in
intervals of Z = 0.001. In order to extrapolate the table beyond the flammability limits, the
approach proposed by Ketelheun ([55]) is followed which considers the physical behavior
of each variable in a non-reacting mixture. The species and consequently the progress
variable are linearly interpolated, whilst for the density and the molar mass a hyperbolic
behavior is assumed.

The non-premixed manifold is constructed with planar steady counterflow diffusion
flamelets. The strain rate varies from 1 s−1, i.e., chemical equilibrium, up to 1082 s−1, i.e.,
the last ignited flamelet, and then 1083 s−1 corresponds to a pure mixing flamelet. The
region between these last two conditions is covered employing unsteady flamelets. The
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generating strategy considers the time-dependent evolution of the last ignited flamelet
towards the pure mixing condition, under a gradual strain rate increase.

The detailed chemistry solver CHEM1D [56] is used to generate the one-dimensional
flamelets. The chemical evolution is described by means of the GRI − 3.0 [57] detailed
chemical mechanism, with unity Le assumption. The progress variable is computed accord-
ing to Equation (6), the selected species i are CO2, and CO, and the weight factor γi equal
to unity, as proposed in [58].

The filtering operation of the one-dimensional flamelet solutions is achieved by means
of the Gaussian filter introduced in Equation (14). Aiming to track the flamelet giving origin
to each filtered profile, a flamelet label KLabel defined as the strain rate at the oxidizer side
of the unfiltered solution is stored in the look-up table, in addition to the thermochemical
quantities and the closure terms.

3. Results

The performance of the premixed and non-premixed FTACLES models is assessed
on Sandia flames D and E. First, the velocity, mixture fraction and temperature profiles
are presented, showing that the formalism adequately describes the flow field and the
evolution of the combustion reaction. Subsequently, the species prediction, retrieved from
the table is analyzed and the transformation due to the filtering operation is discussed.

3.1. Flow Field and Mixing

At the centerline, premixed and non-premixed FTACLES, and FPV deliver satisfactory
results. For flame D, the start of the reaction at the centerline is slightly delayed for
FTACLES in both regimes, i.e., Z and T profiles are shifted downstream, as can be seen in
Figure 4. For flame E, Figure 5 indicates that non-premixed FTACLES and FPV coincide,
whilst premixed FTACLES appears to better capture the temperature rise.
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Figure 4. Flame D mixture fraction, temperature and velocity profiles along the centerline. Black color
represents non-premixed FTACLES, green color premixed FTACLES, red color FPV, and circles depict
the experimental data.

Figure 6 demonstrates that the mixing is correctly retrieved for the two cases with
all the different models. For the non-premixed FTACLES model the mixture fraction
transport is described by Equation (24), where the turbulent flux is estimated either based
on a precomputed correction source term or employing a gradient diffusion hypothesis.
Thus, the adequate Z profiles confirm the adequacy of the closure approach based on
filtering arguments.
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Figure 5. Flame E mixture fraction, temperature and velocity profiles along the centerline. Black
color represents non-premixed FTACLES, green color premixed FTACLES, red color FPV, and circles
depict the experimental data.

0
.0

0
.5

1
.0

Z
M

e
a
n
 [

−
]

0 12 25
y [mm]

0
.0

0
.5

1
.0

Z
M

e
a
n
 [

−
]

0 15 30
y [mm]

0
.0

0
.5

1
.0

Z
M

e
a
n
 [

−
]

0 25 50
y [mm]

0
.0

0
.5

1
.0

Z
M

e
a
n
 [
−

]

0 12 25
y [mm]

(a)

0
.0

0
.5

1
.0

Z
M

e
a
n
 [
−

]

0 15 30
y [mm]

(b)

0
.0

0
.5

1
.0

Z
M

e
a
n
 [
−

]

0 25 50
y [mm]

(c)
Figure 6. Mixture fraction mean and RMS radial profiles for flame D (top) and E (bottom). Black
color represents non-premixed FTACLES, green color premixed FTACLES, red color FPV, solid
line mean, dashed line RMS. Circles depict experimental mean, and triangles experimental RMS.
(a) x/d = 7.5; (b) x/d = 15; (c) x/d = 30.

The flow field is equally retrieved by all the models as it can be recognized on Figure 7.
The FTACLES formalism captures the filtered flame structure by applying correction terms
to the parameterizing variables transport equations, while the correction arising from the
direct filtering of the momentum equation is not considered. It follows that the model
impacts the flow field only indirectly, i.e., through the density and laminar viscosity values.
While in RANS the laminar viscosity might play a secondary role, due to the high turbulent
viscosity, in LES an appropriate estimation of the former is fundamental. Therefore, the
adequate flow field description not only for the mean but also for the fluctuations confirms
the consistency of the non-premixed filtered manifold transformation: the laminar viscosity
is correctly estimated, so that the SGS contribution remains unmodified.
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Figure 7. Velocity mean and RMS radial profiles for flame D (top) and E (bottom). Black color
represents non-premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean,
dashed line RMS. Circles depict experimental mean, and triangles experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.

3.2. Reaction Evolution

Contrary to the mixture fraction and the flow field, the reaction evolution here scruti-
nized via the temperature, appears to be more sensitive to the combustion model. For flame
D, both premixed and non-premixed FTACLES predict identical results and outperform
the FPV model at x/d = 7.5. This trend changes for flame E where at the above men-
tioned radial coordinate the premixed FTACLES and FPV better describe the experimental
data, while a slight over prediction is appreciated for the non-premixed FTACLES. Further
downstream the flame front becomes wider, i.e., K decreases, it can be better resolved
on the computational cells and the SGS contribution decreases. Therefore, the curves are
marginally distinguishable and all of the models deliver acceptable results.

The results presented in Figure 8 are quite encouraging as they demonstrate that the
non-premixed FTACLES model captures a filtered flame structure which is fully consistent
with the numerical grid resolution and correctly represents the physics. The varying
flame thickness as a function of K along a non-premixed manifold presents a challenge
for diffusion flames filtering as it might require a minimum number of points to correctly
resolve the flame front, and this criterion might be more restrictive than the employed filter
size. The correct reaction evolution prediction confirms the adequate flame characterization
despite the varying flame thickness. This demonstrates the capacity of the formalism to
handle the varying filter effect due to flame strain and retrieve a coherent resolved flame.
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Figure 8. Temperature mean and RMS radial profiles for flame D (top) and E (bottom). Black color
represents non-premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean,
dashed line RMS. Circles depict experimental mean, and triangles experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.

4. Discussion

The previous results showed that the non-premixed FTACLES is able to adequately
capture the flow field, the mixing and the reaction evolution. This section addresses the
effect of the combustion regime employed for the flamelet generation on the chemical flame
structure description. Two phenomena should then be considered: the flamelet topology
and the manifold transformation due to the filtering operation. The outcome proves that
the non-premixed filtered model is able to appropriately retrieve the species, i.e., the filtered
manifold can reproduce the experimental findings.

4.1. Chemical Source Term Transformation

The filtering operation effect in non-premixed flamelets depends on K and also on the
profile thickness of every single variable. The reactive zone is therefore narrower than the
whole flame, i.e., the chemical source term is very thin. The FTACLES formalism, exploits
this feature so that it significantly reduces the source term magnitude and extends it over
the chemical space, while it adequately depicts main flame variables.

Figures 9 and 10 depict the chemical source term scattering for premixed and non-
premixed FTACLES at different radial sections. Despite the different flamelet topology
in the two regimes, the decrease in peak values is quite similar for both premixed and
non-premixed so that the resulting values after the filtering operation indeed coincide.
Due to the specificity of the configuration, i.e., in non-premixed the profile modification
takes place in Z direction, the reaction zone becomes wider in this condition than in the
premixed one, and this effect is more remarkable on flame E. The extension occurs toward
the fuel side, and a similar response is observed for the chemical source term employing
the FPV model, which further supports the idea of a characteristic counterflow flamelets
manifold transformation. The distinct source term computation ties together with the model
correction terms, so that finally the retrieved T almost does not change. This reinforces
the previous statement, i.e., for highly strained events the resolved flame front is able to
appropriately capture the flame behavior.
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(c)
Figure 9. Progress variable chemical source term scattering at different radial sections for flame D.
Black color represents non-premixed FTACLES and blue color premixed FTACLES. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.
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Figure 10. Progress variable chemical source term scattering at different radial sections for flame D.
Black color represents non-premixed FTACLES and blue color premixed FTACLES. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.

4.2. Species Prediction

Figures 11 and 12 present different species profiles along the centerline for the pre-
mixed and non-premixed FTACLES as well as the FPV model. All of the models coincide for
O2 and H2O. The premixed FTACLES underestimates CO2 rise together with a higher CO
peak, while the non-premixed formalism adequately predicts the concentrations. The clear
distinction between the premixed and the non-premixed results agrees with the findings
in [59]. For OH, the FPV model appears to better capture the behavior, while the FTACLES
delivers slightly higher values for both of the regimes.
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Figure 11. Species profiles comparison along the centerline for flame D. Black color represents
non-premixed FTACLES, green color premixed FTACLES, red color FPV, and circles depict the
experimental data.
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Figure 12. Species profiles comparison along the centerline for flame E. Black color represents
non-premixed FTACLES, green color premixed FTACLES, red color FPV, and circles depict the
experimental data.

Figures 13 and 14 present H2O and O2 radial profiles. For flame D, the profiles
coincide at all the sections, both for the mean and the fluctuations, while for flame E there
is a difference at x/d = 7.5 and afterwards the curves converge. This behavior coincides
with the reaction evolution already depicted in Figure 8. The considered species are equally
predicted in both regimes, which suggests that for this level of turbulence and employed
filter, the accessed part of the manifold is analogous.
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(c)
Figure 13. O2 and H2O mean and RMS radial profiles for flame D. Black color represents non-
premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean, dashed line
RMS. Circles depict experimental mean, and triangles represent experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.

Figures 15 and 16 present CO and CO2 profiles. There is a clear difference between
the premixed and the non-premixed filtered response. In agreement with the behavior
observed along the centerline, for the premixed regime CO concentration is overestimated
resulting in lower CO2 values on the rich side of the flame, and they converge on the
lean side.
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Figure 14. O2 and H2O mean and RMS radial profiles for flame E. Black color represents non-
premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean, dashed line
RMS. Circles depict experimental mean, and triangles represent experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.
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(c)
Figure 15. CO and CO2 mean and RMS radial profiles for flame D. Black color represents non-
premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean, dashed line
RMS. Circles depict experimental mean, and triangles represent experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.

4.3. Filtering Effect over Non-Monotonic Species: OH

Figure 17 compares OH estimation between the various models for the two flames
at three different radial sections. In order to assess the manifold transformation effect,
OH has additionally been retrieved employing unfiltered premixed and non-premixed
tables. The non-premixed filtered (black) and unfiltered (purple) results coincide on the
mean values, while higher fluctuations are obtained with the unfiltered manifold. For the
premixed case on the contrary, the unfiltered table (green) systematically surpasses the
FTACLES (blue) results both for the mean and for the fluctuations.
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(c)
Figure 16. CO and CO2 mean and RMS radial profiles for flame E. Black color represents non-
premixed FTACLES, green color premixed FTACLES, red color FPV, solid line mean, dashed line
RMS. Circles depict experimental mean, and triangles represent experimental RMS. (a) x/d = 7.5;
(b) x/d = 15; (c) x/d = 30.
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(c)
Figure 17. OH mean and RMS radial profiles for flame D (top) and E (bottom). Black color represents
non-premixed FTACLES, blue color premixed FTACLES, purple color non-premixed unfiltered
manifold, green color premixed unfiltered manifold. Solid line depicts mean, dashed line RMS, circles
experimental mean, and triangles experimental RMS. (a) x/d = 7.5; (b) x/d = 15; (c) x/d = 30.

For the non-premixed condition, the decrease of the fluctuations with the filtering
operation reveals the manifold homogenization. The flamelets are redistributed along
the chemical space, so that the most strained and therefore thinner ones approach the
pure mixing line. OH has a narrower profile than the previously analyzed species, i.e.,
H2O, O2, CO and CO2, and is therefore more sensitive to the filtering operation, and
undergoes a greater modification. It follows that a fixed progress variable scattering in
mixture fraction space delivers a lower OH variation due to the manifold smoothening.
This is not observed for species having similar profile thickness than c. Altogether, a
transformation in the correlation and parameterization in Z space occurs, as can be seen
from OH behavior conditionally averaged on the mixture fraction in Figure 18. The non-
premixed FTACLES model appears strikingly promising as it barely overestimates the
experimental measurements after this highly complex chemical space alteration.
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(c)
Figure 18. Non-premixed FTACLES conditional mean mass fraction of OH for flame D (top) and
E (bottom). Solid line represents the simulation, circles the experimental data and error bars RMS.
(a) x/d = 7.5; (b) x/d = 15; (c) x/d = 30.

Considering the premixed tables, the difference between filtered and unfiltered results
indicate the varying species filter sensitivity as an intrinsic property of the FTACLES
approach, which in this regime is mostly observable for non-monotonic variables. Thus,
while for H2O, O2, CO and CO2 the differences between premixed and non-premixed
results mostly obey the regime, the filter effect plays a non-negligible role in the comparison
for OH. Hence, the results presented in this section demonstrate that the non-premixed
FTACLES formulation modifies the manifold in a consistent way from which the flame
structure and obtained statistics can be transparently interpreted. Acknowledging the slow
NO formation process, i.e., its large timescale which does not satisfy the high Da number
hypothesis and the following overestimation by means of direct look-up table retrieval,
solving a transport equation for NO appears to be a good alternative for coupling with the
non-premixed FTACLES as in [59,60].

5. Conclusions

This study demonstrates the capability of the non-premixed FTACLES as a model-
ing strategy for diffusive turbulent combustion. The performance of the non-premixed
FTACLES model on a turbulent flame is assessed for the first time. As application objects,
the Sandia flames D and E have been selected, as they are well documented in terms of
experimental data and model validation in the literature. The proposed strategy appro-
priately characterizes the wrinkled flame front condition as it couples the combustion
formalism with an SGS modeling function. The three-dimensional tabulation methodology
with explicit consideration of the numerical grid delivers satisfactory results. The model
adequately portrays the underlying physics by virtue of an accurate estimation of the major
stable species as well as the minor ones. Placing them into context, these results substantiate
that in addition to statistical approaches, SGS closure in non-premixed combustion can be
soundly represented exploiting filtering arguments.

The current study departs from an insightful description of the filtering properties as
a function of the combustion regime to theorize on practical implications, and carefully
analyze their repercussions on the obtained results. The effects of the filtering operation
on premixed and non-premixed flamelets have been thoroughly appraised. The flame
structure modification has been described considering an individual flamelet and the entire
manifold. It turns out that:
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• The filter effect varies considerably along the non-premixed manifold as function of
K due to the flame thickness reduction at higher strain rates while it has a relatively
constant effect in the zone close to stoichiometry for premixed combustion.

• The filter effect also differs for each variable within a flamelet, depending on the
profile shape and thickness. As a result, there might be a non-linear relation between
Z, c and the retrieved species ϕ under the filtering operation.

• The highly varying filter sensitivity along the manifold has been identified as the
biggest challenge for the non-premixed method, as it influences the response of the
model correction terms, as well as the retrieved variables manifold.

• The satisfactory species prediction demonstrated the ease of interpreting the results
and the practical usefulness of the method.

This work is relevant for the combustion community as it provides a clear perspective
of the non-premixed FTACLES formalism possibilities and conditions for the model’s
utilization and optimal performance. Due to its mathematical derivation, the model most
deeply describes an unwrinkled flame front which cannot be resolved by the numerical
grid, as is the case for liquid rocket engines. Furthermore, as the non-premixed FTACLES
transformation results into a continuation method below the steady flamelet in mixture
fraction space, the method appears as a promising alternative to model moderate flame
extinction and re-ignition.
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