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Abstract

Thickened flame models are prolific in the literature and offer an effective method of
resolving flame dynamics on coarse LES meshes. The current state of the art relies heav-
ily on the use of efficiency functions to compensate for impaired wrinkling of the thick-
ened flame. However in practice these functions can involve parameters that are difficult
to determine, perform poorly outside of certain ranges or require a posteriori analysis to
evaluate performance. An alternative based on a generalised thickening is evaluated across
arange of canonical configurations. The approach is demonstrated to perform well across a
large range of thickening factors in capturing phenomena such as localised quenching and
pinch off as well as generation of flame surface. Including good performance even in the
case of large flame dynamics under acoustic forcing where the model has a clear advantage
over DNS in achieving grid independence. Finally the approach is unified into an Large
Eddy Simulation/Adaptive Mesh Refinement framework and applied to a turbulent Bunsen
flame. The results show that even if the internal flame structure is poorly resolved on the
original mesh, the global system behaviour is well predicted and compares favourably with
other approaches.

Keywords LES - ATF - Flame dynamics - Premixed flames

1 Introduction

Large Eddy Simulation (LES) provides an attractive solution to model turbulent reactive
flows. LES mitigates the prohibitive computational cost of Direct Numerical Simulations,
by limiting the resolved range of turbulence to the larger energy containing scales and fil-
tering out smaller ones. Albeit straightforward in principle, many open questions remain
(Pope 2004), with the main difficulty stemming from having to replace filtered scales with
appropriate models that often still remain elusive. Turbulent combustion poses additional
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challenges, for example at high Reynolds and Damkohler numbers, the dominant rate con-
trolling processes of molecular mixing and chemical reactions occur below the filter width
(Peters 2001). Hence a complex and non-linear turbulence-chemistry interaction must be
accounted for at the filtered level. A large selection of models have been developed over the
years with their respective advantages and disadvantages (Pitsch 2006; Fureby 2009) along
with a diligent framework to determine quality metrics and meshing guidelines (Freitag
and Klein 2006; Geurts and Frohlich 2002; Chow and Moin 2003). Notable LES models
in premixed combustion include solving a G-equation Pitsch and Duchamp de Lageneste
(2002), the application of Flame Surface Density (FSD) models from Hawkes and Cant
(2000), Flamelet Generated Manifold method Van Oijen and De Goey (2000) and the Pre-
sumed Conditional Moment-FPI approach of Domingo et al. (2005).

The focus in this paper will be on a particular class of turbulent combustion meth-
ods named Artificially Thickened Flame (ATF) models, also known as Thickened Flame
Model (TFM). The use of ATF models is widespread in literature and has been applied in a
variety of configurations, including gas turbine combustors (Gicquel et al. 2012), stratified
combustion (Kazmouz et al. 2022), and even non-premixed flames (Cuenot et al. 2022) and
Deflagration to Detonation Transition (Emami et al. 2015), among others. In a very recent
comparative study (Kuhlmann et al. 2022), ATF was seen to perform better than a com-
mon LES alternative (FSD model) in predicting flame dynamics. ATF basically works by
’thickening’ the flame, so the mesh can resolve the scalar gradients across the flame. This
has a dual effect, it allows to capture the flame dynamics and secondly, it minimises the
numerical diffusion errors associated with resolving the sharp jumps of the scalar across
the flame.

However, ATF models are limited by the use of an efficiency function. This function
controls how turbulence affects the flame dynamics. It can be considered somehow anal-
ogous as the problem of modelling sub-grid flame wrinkling in Flame Surface Density
Models. This is an unsolved problem that conditions the applicability of ATF models. This
paper examines the applicability of ATF models in flames that have strong dynamics and
interact strongly with the flow. A modified ATF model is proposed to produce a dynamic
formulation that does not require an efficiency function, is easy to implement and improves
the description of flame-turbulence interaction. The method does not depend on tuning
parameters other than the thickening factor. As such it has a wide range of applicability
and can easily be coupled with other LES methods for a hybrid approach. The paper is
structured as follows. First, the classical ATF model is described together with the pro-
posed modification. Then the models are compared in a series of vortex-flame interactions,
acoustically forced flames and finally in a turbulent Bunsen burner.

2 Mathematical Background
2.1 Conventional ATF

The ATF model was first proposed by Butler and O’Rourke (1977) and subsequently
applied to the LES of combustion instabilities by Thibaut and Candel (1998). Motivation
for the approach stems from the fact that the flame front is usually too thin to be resolved
on a typical LES mesh, and instead simply perceived as a region of sharp discontinuity.
The method is a spatial and temporal transformation of the flame from a course mesh (x;, t)
to a finer mesh (&;, 7). The aim is to provide adequate resolution within the flame front (i.e.
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region of sharpest gradients) on the transformed mesh despite having insufficient resolu-
tion on the coarse LES mesh. The geometry transformation ratio, F, is called the thicken-
ing factor. In the original work the thickening factor was independent of spatial coordinate,
leading to &; = Fx; and = = Ft. Conventionally (Colin et al. 2000; De and Acharya 2009)
the transformation is applied to the species transport equation only:

dapY, dpu.Y, dY,
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The flame speed and thickness following laminar premixed flame theory (Kuo 1986; Wil-
liams 2018), are respectively:
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The transformation “thickens” the flame but maintains the correct flame speed by increas-
ing diffusion accordingly. If the grid is able to capture the flame zone accurately with the
appropriate F then inside the thickened region the flame is equivalent to the unfiltered,
fully resolved flame. This is promising as it suggests there is no need for SGS modelling
of the filtered source term. However DNS of flame/vortex interaction (Poinsot et al. 1991)
demonstrated that the thickened flame responds differently to turbulence. Even if the trans-
formation preserves laminar flame speed the same is not true for the Damkohler number
which represents the ratio between characteristic turbulent and chemical time scales:
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For the thickened flame the characteristic size of turbulent motions (/,) remains unchanged
while the flame thickness is F times bigger, leading to a reduction of Damkohler number
by the same thickening factor. As a result the flame becomes increasingly insensitive to
turbulence where vortices smaller than F8¢ are no longer able to interact with the flame
(Poinsot et al. 1991; Colin et al. 2000). This can be graphically interpreted as removing the
SGS flame wrinkling as seen in Fig. 1 below.

The sub-grid wrinkling requires modelling and this is usually done in the ATF context
by the inclusion of a so called efficiency function Colin et al. (2000); Charlette et al. (2002).
The efficiency function, E, is defined by a dimensionless wrinkling factor £, and its ratio
between a laminar flame compared with its thickened counterpart. Inclusion into the ATF
model results in a modification to the reactive scalar transport equation:
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Fig. 1 Classical ATF. Only the flame is thickened while turbulence is unaffected by the transformation
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The factor £ essentially relates the total flame front wrinkling with its resolved component.
It can be approximated as:

Ex1+pA| <V > s | @)
where f is a constant and | < V.7 > e | is the SGS surface curvature. Colin et al. (2000)
proposed a model, assuming equilibrium between SGS flame surface and turbulence, that
relates SGS curvature to the straining rate which is then approximated by a fitting function,
I', to agree with DNS data of flame-vortex interaction. The resulting expression is:

u, AU
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where the fitting function depends on the filter width to flame thickness and turbulent SGS
velocity fluctuastion () to flame speed ratios. This formulation has been revisited over
the years, for example by Charlette et al. (2002) who suggested a power law model which
relates flame surface area to a characteristic cut-off scale, or by De and Acharya (2009)
who suggest modifications to the fitting parameter to allow for better agreement with DNS.

Despite these improvements the model remains reliant on several assumptions, most
notably perhaps on approximations used to find SGS quantities needed as inputs. Evalu-
ation of u, is not trivial. Colin et al. (2000) proposed the expression used in many subse-
quent models (including Charlette et al. (2002)):

iy = C, A3 VAV X )| )

and argued that this expression is independent of heat release. However, vorticity trans-
port is known to be affected by heat release (Louch and Bray 2001; McMurtry et al. 1986,
1989) it is likely there will be some effect passed onto expression (9) via changes in the
resolved vorticity field, i.e. (V X ﬁ).

Moreover difficulties remain in determining the many empirical constants used in find-
ing the efficiency function as well as their application outside of already validated regimes.
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Although work has been done to automate this process with dynamic evaluation(Rochette
et al. 2018) or eliminating the dependency on a SGS velocity fluctuation (Wang et al.
2011), most implementations rely on user defined parameters. The effects of choice of con-
stants and method of parameter evaluation remains unclear and often necessitates a poste-
riori assessment in realistic engineering configurations (De and Acharya 2009).

Since it’s original conception, the ATF model has been extended to include the use of a
sensor to apply the transformation in the local region of the flame only (Légier et al. 2002).
For perfectly premixed flames the differences are expected to be small since the model only
has significant effects in regions where there are gradients in the scalar field i.e. inside the
reaction zone. However the use of flame sensors (Durand and Polifke 2007) has allowed
application to more general cases such as non-perfectly premixed flames, while preserving
mixing processes outside of the flame.

Despite theoretical shortcomings, the ATF model and its variants have been applied suc-
cessfully in various LES configurations (Kuenne et al. 2011; Vermorel et al. 2017; Kraus
et al. 2018). Good practice is to maintain 50 /A > 7 (Rochette et al. 2018), and use moder-
ate thickening factors 7 < 10 (Kuenne et al. 2011; Popp et al. 2019).

Note that ATF models can respond differently in time since the equations are solved
with respect to thickened time, 7, instead of #, so care needs to be taken for configurations
that involve large transients (Charlette et al. 2002). Despite its success, applications of the
ATF model to systems where the flame has large dynamics are rare. Auzillon et al. (2011)
showed that in acoustically forced quasi-laminar flames, the thickening approach strongly
affects the flame dynamics. Similarly, strained flames using the ATF model predict lower
consumption speeds (Popp et al. 2019).

2.2 Modified ATF

The proposed model applies the geometric transformation to all of the governing transport
equations instead of just the reactive scalars. The idea is that by “thickening” all scales,
including the turbulent integral scale, flame/turbulence interaction is better preserved as
reflected by the Damkohler number:

Da=-LLl=-"t_L _pg (10)

where the thickened Damkohler number remains unchanged even without the inclusion of
an efficiency function. Theoretically with a large enough thickening factor it would be pos-
sible to preserve Karlovitz numbers as well since Kolmogorov scales would also “thicken”.
However in large-scale simulations this may be impractical if the filter width is much larger
than Kolmogorov scales.

The transformation is kept local in the region of the flame via the use of a flame sensor,
Q. The sensor helps to limit effects on transient response of the system since as compared
with before all the equations are now with respect to thickened time and not just the species
transport equation. There is a stark contrast when comparing the modified and classical
ATF, in that the absence of a sensor with the proposed methodology is meaningless as it
equates to scaling the entire domain. The challenge is to blend the two sub-domains into the
same simulation, one thickened and one not. To this end the sensor is critical and behaves
in the same manner as shock-detectors in shock/turbulent simulations (Ducros et al. 1999;
Pirozzoli 2011), where the shock is numerically thickened by an artificial viscosity, either
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explicitly or implicitly by the numerical scheme. Figure 2 illustrates this new approach
which simultaneously transforms both flame and turbulent scales.

To derive the corresponding set of equations consider a generic thickening factor that
now depends on position, the coordinate transformation, from (x,y) — (£, #) is represented
by:

d¢l = —=dx+ —=d
¢ F PR y (11)
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Fig.2 Modified ATF model. By thickening turbulent scales as well it preserves flame/turbulence interaction
within the reaction zone (Q > 0)
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Note at this point that length scales have been transformed from x; — &;. In order to pre-
serve velocities, and eventually Reynolds number, it is necessary to transform time as well.
The temporal term:
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The above transformation is now applied to the full set of conservation equations to give:
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where SZ. = S;; — 6;S;/3 and SGS turbulent transport models have been turned off in the
vicinity of the flame by the (1 — Q) term which is approximately zero in this neighbour-
hood. This avoids an artificial increase to diffusivity and subsequently flame speed (De and
Acharya 2009) while maintaining $ — ¢ in the reactive zone.

Previous research endeavours have also experimented with thickening alternative equa-
tions to just those of reactive scalar transport. Notable examples include Picciani et al.
(2018a, 2018b) who apply a thickening transformation to the stochastic fields equations or
Yu and Navarro-Martinez (2015) who employ a more generalised thickening in the context
of DDT. To the authors’ knowledge this work forms the first thorough validation, evalua-
tion and subsequent application to a variety of subsonic premixed flames with the modified
ATF model described above. This is in conjunction with the novel dynamic formulation
described next.

2.3 Dynamic Formulation

The thickening factor used above in Egs. (24)—(27) is expanded to give its dynamic form as
F=1+(F,—-DQ (28)

where F is a user defined function of mesh spacing that determines the desired number of
points within the flame. Meanwhile the spatial dependence is incorporated into the flame
sensor, Q, usually by conditioning on progress variable. Several options are available in
literature that range in complexity from static definitions (Proch and Kempf 2014) to self
adapting methods (Rochette et al. 2020) as well as various optimisations dependent on
equivalence ratio regime (Zhang et al. 2021). For the cases considered here which are lim-
ited to premixed flames close to stoichiometric conditions, static sensors are shown to be
sufficient and simple to implement. The commonly used implementation of Durand and
Polifke (2007) is given by Eq. (29), note that here the progress variable is normalised on
fuel mass fraction to be zero in the fresh region and unity in the burnt.

Q= 16[c(1 - o))? (29)

Modest improvement was observed when using a new flame sensor correlated on a regres-
sion of the heat release distribution from a 1D flame onto progress variable. This was done
by conducting DNS of a 1D stable flame before extracting the heat release rate conditioned
on progress variable and fitting a polynomial to the data. The resulting expression for
methane flames used here is given by the fifth order polynomial:

Q = —0.006 + 0.488¢ — 7.729¢? + 46.365¢ — 67.638¢* + 28.473¢° (30)

The specific value of coefficients in the above expression are naturally subject to change
when using a different chemistry scheme, or pressure or equivalence ratio, as the profile
of heat release in progress variable space will be somewhat different. The overhead of the
sensor calculation is very small since it relies on a priori one dimensional flame simulation.
The key result from the proposed methodology is the generation of sensors that are asym-
metric in nature as seen in Fig. 3.

Since the reactions occurring at higher progress variable (i.e. closer to the burnt side)
are at higher temperature and release more energy, it is argued that this region requires
the most thickening to resolve the nonlinear flame dynamics. Indeed the notion of a flame
sensor peaking at a progress variable of 0.5 originates more from numerical motivations
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Fig.3 Structure of the hitherto termed “classical” flame sensor of Durand and Polifke (2007) and the pro-
posed asymmetric modification for which both regression data points and polynomial fit are displayed

than any particular physical justification. In alternative definitions of the progress variable,
using element mass fraction for intermediates, this sensor functional dependence may be
different. Furthermore, from a more practical standpoint, many modern combustion codes
include a cutoff temperature for calculating chemical kinetics. This is a purely empiri-
cal “minimum activation temperature” designed to increase computational efficiency by
restricting the number of points that enter chemical subroutines. The asymmetric sensor
inherently accommodates this by limiting thickening close to zero on the lower tempera-
ture, fresh side thus avoiding an artificial increase in diffusivity in regions where the chem-
istry is numerically turned off. The sensor’s localized transformation limits how well the
flow dynamics are preserved in the transition region. This applies to all types of ATF mod-
els, both the classical and the version proposed here. When the heat release is spread over
a large flame area, it reduces thermal expansion, which in turn affects the flow field. How-
ever, the impact of MATF is smaller than the CATF as Damkohler number is preserved
and the maximum thickening occurs in a very thin region within the center of the flame
as determined by the sensor. For progress variables outside the 0.1-0.9 range, the sensor
value will be very small and introduce a modest modification of the flow field and therefore
impact of incoming vortices. This thickening would be smaller than the “numerical thick-
ening” associated with numerical schemes in the neighbourhood of the flame. Neverthe-
less, the choice of sensor will impact flame dynamics and a-piori is difficult to suggest an
optimal choice which may depend on flow/conditions and computational complexity.

2.4 Flow Solver

All simulations were carried out using an in-house, finite-difference, compressible, den-
sity based flow solver named CompReal Almeida and Navarro-Martinez (2019). Spatial
discretisation is implemented using a fourth order skew-symmetric, conservative formu-
lation Ducros et al. (2000), along with high order explicit Runge—Kutta time marching.
Hydrogen/air flames are modelled using a 19 step reduced reaction scheme Yetter et al.
(1991) while methane/air reactions are accounted for using a 2 step, 5 species mechanism
Franzelli et al. (2010). The domain boundaries employ NSCBC Poinsot and Lele (1992)
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methods with transverse corrections and relaxation parameters Lodato (2008). Two dimen-
sional simulations presented here rely on regular Cartesian grids while the three dimen-
sional Bunsen flame incorporated Adaptive Mesh Refinement (AMR) using the BoxLib
library Bell et al. (2012).

3 Results

The proposed model was evaluated in a series of canonical configurations prior to appli-
cation in a realistic fully turbulent Bunsen flame. Each test case was designed to assess
known weaknesses of ATF methods. Starting with the flame-vortex interaction to assess
the effect of thickening on flame-turbulence interaction in a controlled environment.
Despite its apparent simplicity this configuration laid much of the framework for the origi-
nal efficiency function based methods of (Colin et al. 2000; Charlette et al. 2002).

Next an axisymmetric flame undergoing acoustic excitation is examined in order to
determine the effect of the thickening transformation on not just the reactive scalar but
also momentum equations. The large transients make this a challenging case for any ATF
methodology.

Finally the inherent advantages of the proposed approach to best leverage the advan-
tages of AMR are demonstrated for a realistic turbulent flame. The filter width can be dif-
ficult to precisely determine in AMR simulations due to the nested grid levels. However
the proposed approach only has an implicit dependence on SGS quantities and filtering is
turned off in the region of the flame. Therefore it is well poised to take advantage of the
resolution AMR grants without needing additional corrections as is the case when using
as efficiency function Mehl et al. (2021). The same sensor is used in all ATF approaches
unless stated otherwise.

3.1 Flame-Vortex Interaction

A common limitation of ATF models is difficulty in capturing turbulence induced flame
wrinkling. This is evaluated for the proposed approach by simulating a pair of counter-
rotating vortices upstream of an initially planar flame front and tracking the flame front
during impact. The size and intensity of the vortex pair are based on earlier findings (Colin
et al. 2000) and only the most challenging cases are shown here. The mesh resolution is
kept sufficient to ensure at least 10 points within the laminar flame thickness, so that all rel-
evant scales are resolved a priori, in order to isolate the effects of the thickening transfor-
mation. The inlet is perfectly premixed hydrogen/air at unity equivalence ratio and standard
temperature/pressure.

The chosen vortex size is roughly of the order of laminar flame thickness i.e. smaller
than vortices considered in Colin et al. (2000). Therefore in a thickened context the vor-
tex will always see the flame as thick, hence placing the interaction somewhere between
the cut-off (where vortices can no longer interact with the flame) and intermediate scales
(where flame-vortex interaction is impaired) for which classical ATF fails. The vortex
strength is characterised by the ratio of v/ /s, and kept low to evaluate impact of modelling
assumptions on the smallest and weakest vortices. Three cases, corresponding to values of
1, 2 and 4, were simulated across a range of thickening factors.

Starting with the vortex strength of 4, a qualitative representation of the flame-vortex
interaction and its evolution in time is displayed in Fig. 4. Generally speaking, the model
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Fig.4 Evolution of the progress variable iso-contours (0.1 and 0.9) during flame-vortex interaction for
V' /s, = 4. DNS (black), MATF with F = 2 (blue) and F = 4 (red)

captures the nature of the interaction very well across a wide range of phenomena rang-
ing from initial wrinkling (top row) to neck formation (middle) and subsequent pinch-off/
pocket formation (bottom) even without an efficiency function.

There are small differences with respect to the transient response. This is not surprising
as ATF models solve with respect to thickened time. Despite this the use of an appropriate
sensor to limit the transformation to the reaction zone does seem to have mitigated most of
these inherent shortcomings. For the purposes of pinch-off, the “neck” region is slightly
wider than DNS, and pinch-off is delayed. Nevertheless, the remainder of the base flame
can be seen to recover for all cases following pinch-off with good agreement.

Figure 5 focuses on the discrepancies at the most challenging scales. The top row high-
lights the phenomena described earlier where the wider neck region brought about by
thickening lead to a small delay in pinch off. Nevertheless the shape of the pocket is well
preserved. As the pocket is consumed some of the finer details are lost (bottom row). Struc-
tures of the order of 6}9 may indeed be distorted or lost as two flame elements separated by
a distance of about 6 may no longer be separated when transformed into thickened space.
Despite this, the overall flame dynamics in vorticity controlled regions across challeng-
ing phenomena such as quenching and pocket formation are replicated with the proposed
methodology.
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Fig.5 Evolution of the progress variable iso-contours (0.1 and 0.9) during pocket formation and burnout
forv'/s; = 4. DNS (black), F = 2 (blue) and F = 4 (red)

Moreover the localised distortion has little effect on global system dynamics. Fig-
ure 6 displays the evolution of total heat release normalised to the undistorted/planar
flame. For simple configurations, such as the flame single-vortex interaction, the net

Heat Release

Time

Fig.6 Total non-dimensional heat release plotted against non-dimensional flame time
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heat release rate can be considered as indicative of net flame surface area, hence con-
sequentially representative of the effectiveness of a vortex at inducing flame wrinkling
(Colin et al. 2000). The close agreement in peak heat release rate suggests that the meth-
odology captures the overall effect of vortex induced flame wrinkling and its associated
creation of flame surface.

The proposed approach is now tested across a larger range of thickening factors.
Even if some of these values go beyond what is recommended for practical applica-
tions. Figure 7 illustrates the heat release evolution where the responses can be divided
into two categories. Up to F = 10 the peak heat release is captured well even if there
are increasing differences in the transient buildup and subsequent annihilation of flame
surface. This suggests good overall behaviour of the model in preserving the nature of
flame response even under strain dominated behaviour. For values of the thickening fac-
tor greater than 15 there is a qualitative change in flame response, starting with the for-
mation of a region resembling a plateau between times 10.5-11.1, directly after which
the heat release continues to increase instead of falling.

Figure 8 displays a side by side comparison of progress variable distribution for DNS
and F = 20 in time increments of 0.3 from 10.5 to 11.1. The plateau in heat release at
very large thickening therefore relates to the failure of entrained fresh mixture in com-
pletely pinching off and having an associated generation of flame surface. This is prob-
ably due to a complex interplay between delayed transient dynamics which are always
difficult to preserves at such small scales due to the thickened time. The thickened space
transformation can also displace flame contours which may affect the very small scales
relevant for phenomena such as necking, pinch off, etc.

The unexpected increases in heat release can be an artifact of multi-step chem-
istry. Most of the ATF groundwork was laid using one-step chemistry (Colin et al.
2000; Charlette et al. 2002; Légier et al. 2002) with many practical implementations
also adopting similarly simplified chemical kinetics (Strakey and Eggenspieler 2010;
Hernandez-Pérez et al. 2011; De and Acharya 2009). Few studies (Emami et al. 2015;
Straub et al. 2018) incorporate detailed chemical schemes. With some recent works

Heat Release

4 6 8 10 12
Time

Fig.7 Non-dimensional heat release against non-dimensional flame time. Dotted black lines encompass the
region of time 10.5-11.1
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0.0 1.0
T

Fig. 8 Evolution of progress variable distribution through times 10.5-11.1 (top to bottom) for DNS (left)
and F = 20 (right)

(Maio et al. 2019; Bénard et al. 2019) beginning to attribute over predictions in interme-
diate species to the thickening transformation.

In the very non-linear flame reaction region, reactions peak at different values in pro-
gress variable space and are usually inter-dependant. Therefore applying a broadband
thickening at large values does not necessarily conserve the nature of this inter-depend-
ence, and as a result could influence global system parameters such as net reaction rate/
heat release.

This is illustrated in Fig. 9 where the net reaction rate for selected species is com-
pared between DNS and F = 15. Some of the trajectories for other short lived radicals
overshoot while others undershoot when compared with DNS. Essentially the global
balance which is highly inter-dependant is not preserved as thickening does not affect
all reactions equally. For practical systems where the complex balance between endo/
exo-thermic reactions can determine the nature of local heat release and possible even
system stability this warrants caution. However, these effects seem to be significant only
at large thickening factors.
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Fig. 9 Non-dimensional reaction rates for 7 = 15 compared with DNS

Figure 10 highlights the benefits of the novel sensor that was proposed as part of
this work when compared to the implementation of Durand and Polifke (2007), hitherto
referred to as the “classical” sensor at moderate thickening. The peak heat release is cap-
tured well, suggestive of improved resolution of flame surface as well as potentially better
conservation of complex chemistry effects. Meanwhile the classical sensor exhibits a small
loss in peak heat release indicative of some detriment in capturing the finest scales.

—— DNS
—— Modified Sensor
—— Classical Sensor

Heat Release

4 6 8 10 12
Time

Fig. 10 Evolution of heat release for DNS and two sensor implementations coupled with F = 6
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Figure 11 displays results where the vortex intensity is decreased to 2 (same vortex
size). Both CATF (thickening species only) and MATF (thickening all equations) solutions
follow DNS with relatively decent agreement throughout the necking phase despite consid-
erable thickening. A qualitative difference manifests in the final stages, where the DNS and
proposed ATF model both result in localised quenching leading to pocket formation but
CATF fails to do so.

A further reduction in strength leads Fig. 12, where the structure is now too weak to
induce quenching. A pocket is no longer formed with localised wrinkling leading to enter-
tainment of fresh mixture in the vortex trail instead. The proposed model follows DNS rel-
atively well in the early stages but does not capture the finer details of the entrained profile.

| Ty | T>

I - -

} |
[ ! Ts ||l Te

Fig. 11 Progress variable iso-contours (0.1-0.9) for v/ /s, = 2, shown for DNS (black) and CATF (blue)/
MATF(red) with a thickening factor of 6
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Fig. 12 Progress variable iso-contours (0.1-0.9) for v/ /s, = 1, shown for DNS (black) and CATF (blue)/

MATF(red) with a thickening factor of 6
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The flame response is inherently unsteady and depends on the transient variations of
stretch coinciding with the vortex state at that particular times. As such, differences
between specific instantaneous states identified during fast and unsteady processes are not
surprising. The behaviour of the flame front seems to be better for the modified approach
compared with CATF, suggesting potential advantages of the approach even for very weak
structures that traditionally would require efficiency corrections.

3.2 Acoustically Modulated Flames

Durox et al. (2005, 2009) from their studies spanning various laminar premixed flame con-
figurations, point out the crucial importance of accurately capturing the oscillating flow
field (including motion in the shear layer) in order to reproduce reasonable flame response.
Therefore this case evaluates the model across a much wider blend of facets which include
disturbance formation but also convection through an active shear layer, thus extending
potential applications to advection dominated flows.

Figure 13 illustrates the employed configuration where a 22 mm exit diameter burner
issues perfectly premixed methane-air mixture at an equivalence ratio of 1.05, correspond-
ing to a laminar burning velocity of 0.39 m/s. The inlet flow velocity is harmonically mod-
ulated by

vV=v+ \/Ev’sin(27rft) (31)

Where the mean inflow velocity, v, is taken to be 0.97 m/s, the inflow RMS, V/, set to
0.19 m/s and the frequency, f, to 62.5 Hz. This collection of parameters is essentially a
two-dimensional simplification of the experiments by Ducruix et al. (2000); Schuller et al.
(2002).

This case was selected as the objective for a numerical study (Auzillon et al. 2011)
that compared the effectiveness of different LES models in capturing flame response.
Among which was the classic ATF model which was shown to perform poorly even
at relatively low thickening factors. The objective here is to evaluate the effects of

22mm 60mm

100mm N

Fig. 13 General domain configuration with revolved flame solution showing cusping (A) and necking prior
to pocket pinch off (B) during acoustic cycle
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thickening on flame front dynamics and structure under the influence of acoustic load-
ing. To limit uncertainties arising from SGS closures this is carried out in an environ-
ment where the flame is not wrinkled at the subgrid level i.e. all flow motions are fully
resolved but the internal flame structure is not. Similarly, Auzillon et al. (2011) assume
all SGS flow motions are resolved by the mesh in a bid to isolate effects of the thicken-
ing transformation itself.

Simulations were run for at least five forcing cycles after initial transients had passed,
before data was sampled. This was done on two separate meshes, a finer mesh that was
considered equivalent to DNS in order to isolate the effects of thickening only, and a
coarser one to highlight the potential benefits of the proposed model. Relevant param-
eters in terms of points within the flame thickness for a thickening factor of 4 are pre-
sented in Table 1 where grid stretching was used to obtain the desired resolution.

Figure 14 shows instantaneous flame shapes throughout a single acoustic cycle for
four different simulations. Namely DNS, the modified ATF approach (MATF) on two
different meshes in accordance with Table 1 and no-model (NM) run on the course mesh
which is representative of poorly resolved DNS. Most notable perhaps is the observa-
tion that MATF simulations exhibit strikingly similar behaviour at all times despite the
differing mesh resolutions. This suggests a significant advantage in obtaining grid inde-
pendent solutions much earlier than DNS, as evident by the discrepancies in NM.

All cases show disturbance formation at the base which then moves downstream along
the flame front in the form of a convected wave, prior to tip instability. NM exhibits sig-
nificant deviation from DNS even at the very start, as a consequence of delayed recovery
from pinch off during the previous acoustic cycle. Meanwhile MATF shows relatively good
agreement at the beginning, suggesting that even if there are some instantaneous differ-
ences due to temporal thickening, the overall periodic state of the system is preserved.

Figure 14 shows how the disturbance rolls up the flame sheet near the tip, causing break-
away pockets of fresh mixture. Note how the next disturbance, which has only convected
about a third of the way up the flame, still remains relatively in phase for all simulations.

The later stage of the cycle shows recovery from pinch off from the flame. The more
dominant kinematic restoration effects negate small transient delays that arise during
necking, as both DNS/MATF solutions come close to realigning. NM however exhibits
impaired tip behaviour both in terms of time but also in the size of pocket formation
which is significantly smaller.

A brief comparison with CATF at the same thickening factor of 4 is included in
Fig. 15. Where CATF loses much of the finer details of the unsteady flame dynam-
ics, particularly near the tip region. The overall response is relatively close to switch-
ing from a well defined convective mode where a disturbance progressively rolls up the
entire length of the flame front to the more global, bulk oscillation mode as described
in Auzillon et al. (2011). Flame shape in vicinity of the tip is not only flatter but also
exhibits significant displacement, likely due to an inability of the classically thickened
flame to fold in on itself or wrinkle in response to the same hydrodynamic driving force.

Table 1 Mesh resolution in near

. 0 )

field of acoustically modulated Description - 5f /A ~ (sf /A g(())itr?iq

flame simulations (xlOé)
Fine 8 30 43
Coarse 3 10 1.8
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Fig. 14 Instantaneous flame positions during one entire acoustic forcing cycle. DNS (black), MATF on a
fine mesh (blue), MATF on a course mesh (red) and NM on a course mesh (brown) are superposed

The breakout frame zooms in on a region upstream of the tip zone to highlight that
CATF impairs flame wrinkling compared to the sharp folds observed in DNS and even
MATEF. Further deteriorating upon convection up the shear layer, the folds are unable to
influence the flame tip in the same way resulting in the obvious displacement but also

@ Springer



Flow, Turbulence and Combustion

Fig. 15 Flame shapes during acoustic cycle. Comparison between DNS (black), MATF (blue) and CATF
(orange)

wider and flatter flame pattern. Overall CATF results are very similar to Auzillon et al.
(2011), with significant improvement in flame patters with MATF.

Figure 16 plots the total heat release normalised by the mean, against time normal-
ised by the acoustic period after initial transients have already faded. MATF shows
excellent agreement with the peaks across most of the cycles and temporal thickening
does not seem to have influenced period structure noticeably. There is are some cycle-
to-cycle variation observed even in the DNS but the net differences are small and model
differences are maintained with CATF peak heat release lagging behind DNS and
MATF.

The NM (not shown) fails to reproduce expected behaviour and undershoots peak
heat release by up to 15%. Figure 16 illustrates how CATF still performs poorer than
MATF as evident by over shooting of the troughs, likely due to obstructed surface anni-
hilation as the wrinkled folds coalesce at the tip. In general the peaks for MATF are
in better agreement with DNS in terms of magnitude. More noticeable is that CATF
exhibits obvious changes in the slope close to the peak. Although not as pronounced as
with NM there is a stark reduction in slope observed prior to max heat release, likely
stemming from impaired pocket formation while MATF manages to better retain a more
pronounced and sharp transition. Furthermore the latter also shows improvements in
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Fig. 16 Integrated heat release in the domain during acoustic forcing. Comparison between modified ATF
(MATF) and classical ATF (CATF)

temporal behaviour by maintaining a reasonably accurate period cycle while classical
ATF seems to lag behind and have a slightly longer period duration.

3.3 Turbulent Bunsen Flame

A lean, perfectly premixed methane-air mixture at equivalence ratio 0.7 is issued from an
axisymmetric Bunsen type burner into a computational domain of 100 X 50 X 50 mm as
shown in Fig. 17. The burner itself has an inner diameter of 11.2 mm and feeds a reactant
mixture at 300 K into the system with a velocity of 15.58 m/s. Turbulence is artificially gen-
erated using the method of Klein et al. (2003) and superimposed at the inlet with character-
istic parameters from experiments, see Table 2, in terms of the integral, Taylor micro and
Kolomogorov length scales (A, A and g respectively). A classical Smagorinsky closure is
adopted for SGS terms away from the flame with a Smagorinsky constant of 0.1.

The parameters corresponds to Case M14 in the full data matrix of Yuen and Giilder
(2009) and is one of the most turbulent configurations considered. The resultant flame lies in
the thin reaction zone of the turbulent combustion diagram with a turbulent Reynolds number
of 324. The Damkohler and Karlovitz numbers are 1.2 and 13.4, suggesting significant impact
of turbulence on the flame.

Four different simulations were run and are summarised in Table 3 with the sensor
referring to either the symmetric implementation of Durand and Polifke (2007) or the
asymmetric formulation developed as part of this work (see Sect. 2.3). The filter width
is identified in terms of the level of refinement with the equivalent mesh resolution

Table 2 Turbulence characteristics for lean methane-air Bunsen flame Source: Yuen and Giilder (2009)

Ay (mm) Ar (mm) 1x (mm) 5}9 (mm) 57 (m/s) u'/s? A/(S]?

1.79 0.46 0.03 0.11 0.201 14.4 16.64
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Fig. 177 Domain configuration P 50mm N
for lean Bunsen flame. Flame - -
surface iso-contours shown in red 4
are encapsulated by AMR boxes
at the finest level at all times. 50
With blue arrows indicating the mm
co-flow of hot products surround-
ing the central region
100mm
v
Table3 Simqlation par amet(?rs Case Mesh Sensor Filter width
for lean premixed methane-air
Bunsen flame A Coarse Symmetric Level 1
B Coarse Asymmetric Level 1
C Coarse Asymmetric Level 2
D Fine Asymmetric Level 1

(Level 1/2). Two different meshes were used, both with three levels of refinement cou-
pled with heuristically tuned tagging conditions on sharp variations in density. The
mesh “regrids” every 100 time steps ensuring the flame front is always resolved on the
finest level.

Table 4 shows mesh sizes in the coarsest and finest level, with approximate values
for how many points lie within the thickened flame when using the thickening factor
of 7 =5 employed in all simulations. Despite the moniker of “fine” both meshes are
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Table4 AMR grid spacing

0 -

at coarsest/finest levels (i.e. Mesh Level 1 [mm] Level 3 [mm] 5f /85 5;? /s

Levels 1/3 respectively) and

approximate flame resolution Coarse 0.69 0.17 ~1 ~4
Fine 0.35 0.08 ~2 ~8

significantly below the threshold of DNS with the coarse mesh having a grid spacing of
the order of laminar flame thickness or even slightly larger.

Figure 18 illustrates time averaged profiles for a progress variable contour of 0.5 for
simulations and the experimental counterpart. All approaches used here show excellent
agreement and reliably reproduce global flame behaviour. Although some small differences
are observed, they can be attributed to the thickening potentially displacing a particular
contour in space within the larger flame zone. Even the coarser mesh simulations capture
the overall quasi-steady state very well and this holds true even when the original grid
resolution does not fully resolve the internal flame structure.

Figure 19 contains the same time averaged profiles for a variety of alternative modelling
approaches sourced from literature such as a FSD based approach (C-FSD) and presumed
conditional moment (PCM) with flame prolongation of intrinsic low-dimensional mani-
folds (FPI). Moreover included is the conventional thickened flame model with a power
law efficiency function and thickening factor value of F = 3 (labelled TF3). Care is war-
ranted in making strict comparisons with reported simulations as they employed a differ-
ent numerical discretisation. However, the present MATF simulations seems to outperform
many of its alternatives in predicting global flame behaviour.

The curvature distribution is compared between MATF and reported data in Figs. 20
and 21 respectively. It is observed in the latter that filtering leads to a narrower peak by
removing the small scale structures that lead to wrinkling with large curvature. Further-
more TF3 shows the narrowest peak, indicative of impaired turbulence-induced flame
wrinkling. Despite the differences in numerical methods and uncertainties in post process-
ing methods, which prevents a strict comparison, Fig. 20 suggest a marked improvement
with MATF with less destruction of small scales.

0.02
— A
B
—c
0.01 - — 0D
PR —-= Exp
e
E 0.00
>
—0.01 1
-0.02 . . . .
0.00 0.02 0.04 0.06 0.08 0.10

X (m)

Fig. 18 Time averaged distribution of progress variable iso-contour of 0.5 for MATF. Experiment sourced
from Hernandez-Pérez et al. (2011)
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Fig. 19 Time averaged distribution of progress variable iso-contour of 0.5 for conventional LES methodolo-
gies. Adapted from Hernandez-Pérez et al. (2011)

Normalised Frequency

Kmn(1/mm)

Fig.20 Curvature distribution using MATF. Raw and filtered values sourced from Hernandez-Pérez et al.
(2011)

All three Cases A, B and C show very close agreement, suggesting that parameters such as
choice of sensor or explicit AMR filter width have little effect on the curvature distribution.
With the largest change being the result of improved grid resolution with Case D, which is still
a fraction of the cost of conventional DNS (see Table 4) but close to approximate the experi-
mental distribution.
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Fig.21 Curvature distributions using conventional LES methodologies. Adapted from Hernandez-Pérez
etal. (2011)

4 Conclusion

Overall, the modified thickened flame model was shown to resolve (moderate) wrinkling
well even without the use of an efficiency function for a series of canonical configura-
tions. For large thickening factors, ATF methods face challenges with multi-step chemi-
cal pathways that is often overlooked in literature. However for a range of thickening
factors with considerable relevance, the approach in conjunction with a suitable sensor
yields good results.

Even for cases with significant movement of the flame such as when under acoustic
modulations, flame dynamics are well replicated. The convection of an instability in
flame surface through an active shear layer extends the range of applicability to include
advection dominated flows. The modified model achieves grid independence with
coarser meshes in contrast to the no-model approach.

The efficiency function is, by design, constructed to represent turbulence effects
at smaller scales than the grid scales. The same is not necessarily true for the current
approach as fluid scales smaller than A/F will not be transformed. In practise this
means a limitation to moderate Karlovitz numbers or alternatively finer meshes com-
pared to conventional ATF. Similarly, close to the surface the new approach may not
represent the flame-wall interaction correctly as the boundary layer may locally thicken.
Nevertheless, the resultant framework was shown to perform well in predicting mean
flame behaviour even when the internal structure is not well resolved without the need
of an efficiency function.

The approach is well suited to benefit from AMR since there is no dependence on
filter width close to the flame and no additional corrections, a priori, are required. The
methodology holds promise either as a potential bridge between DNS and LES in terms
of cost or in the form of hybrid models that can be extended to include efficiency func-
tions (with high Karlovitz) or more complex sub-grid turbulence models.
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Fig.22 Illustration of the reverse transform technique from a thickened to unthickened solution shown
using different views of the progress variable

Appendix A: Reverse Transformation

All the contour plots in the paper show the thickened state, that result in flame structures
that intuitively may seem larger, or perhaps cause spatial displacement of particular iso-
contours which could make direct comparison with experiments somewhat difficult.

As such it would be convenient if an unthickened state could be extracted from a
thickened simulation. This can be done as a post processing technique by inverting the
transformation presented in Sect. 2.2 to go from £— x instead as follows:
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——dé = Xx=xp+ : ds Al
SFewm TN, Few A
dn T dy
d = e =
YSFew VTN Few (A2)

In general, F is a function of space when using a sensor and cannot be pulled out of the
integral. Therefore the integral is solved numerically via Egs. (A3) and (A4) to obtain an
unthickened coordinate system. Where the j-index refers to a sequential loop over all ele-
ments in the mesh and F; between two points can be approximated by a simple linear inter-
polation if the variation is smooth enough.

-

n—%+2 = (A3)
Hi =N

V=0t Y T (Ad)

Jj=1 J

The procedure is simple, cheap, can be done a posteriori and offers several unique ben-
efits. Figure 22 illustrates the process on a slice from the acoustic flame simulation where
a thickening factor of 4 was used. The top row shows the complete domain profile of pro-
gress variable and it can be seen that the transformation results in a close resemblance to
actual flame resolved simulations. The second row contains a solid band representing the
core of the flame zone and demonstrates how the procedure essentially shrinks the reac-
tive zone based on the local sensor value which collapses the spatial solution uniformly
to a more compressed state. Similarly this point is further made clear by a close up of the
distorted flame surface in the final row where progress variable contours are seen to cluster
together post reverse-transform. Such a direct reverse transform is only possible because
all scales are transformed. The use of an efficiency function formulation would require
additional corrections.
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