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Abstract

This study investigates the impact of flame thickening on the predicted flame shape and transfer function of a premixed
methane—air turbulent flame using Large Eddy Simulations (LES). Simple 1D flames were used to identify the general
impact of thickening on premixed methane-air flames, followed by a 3D LES study to demonstrate the implications
of these effects. The flame was shown to increase in length, with a more broad distribution of heat release rate, as
thickening factor increased due to changes in flame consumption speed and its response to strain. The Flame Transfer
Function (FTF) was computed for each case, and the differences are discussed. It is shown clearly that the thickening
factor F' can suppress the appearance of vortex shedding modes by increasing the cut-off frequency of the flame. It
has also been shown that decreasing thickening factor can cause the appearance of peaks in the FTF which are not
observed experimentally. In this study, large thickening factors were shown to cause the flame to leave the combustor
domain and lack the ability to conserve energy. This paper highlights clearly the impact of thickening factor on the flame

transfer function and the impulse response.
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Introduction

Thermoacoustic instabilities present a significant design
and operational challenge in the development of advanced
gas turbines capable of operating with low emissions and
alternative fuels like hydrogen. Numerical tools such as
Large Eddy Simulation (LES) are often used to aid in the
prediction and mitigation of these instabilities while keeping
the cost of experimental testing to a minimum. A common
approach is to predict the Flame Transfer Function (FTF)
via LES, and use the FTF in a low order acoustic solver to
predict the growth rate and frequency of unstable modes'.
The growth rates of the predicted modes are particularly
sensitive to the FTF, and hence accurate prediction of the
FTF is paramount for reliable prediction of thermoacoustic
instabilities. The FTF is defined as:

q'/q
Fw) = (1)
where 2/, T represent fluctuating and mean quantities
respectively, (} is the mean heat release rate, @ is the mean
velocity at a reference location, and w is frequency.

Accurate prediction of the FTF via LES relies on a
combustion model that can accurately represent the heat
release rate distribution, and the response of the flame
to velocity fluctuations. The Artifically Thickened Flame
(ATF) model has been used in many studies to successfully
predict thermoacoustic modes >~ and the flame response .
Kuhlmann et al.® compared the ATF against the Flame
Surface Density (FSD) model for computing the FTF, and
concluded that the ATF model required less computational
time than the FSD model and less constants or sub models
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needed to be adjusted. This makes the ATF model a
very attractive approach for prediction of the FTF. Despite
the relative success of the models, recent studies have
highlighted issues associated with the effect of flame
thickening on the response to stretch.

Using a 1D counterflow premixed flame, Popp et al.’
showed that thickening a stretched flame changes the
gradients across the flame front and increases the effective
stretch level experienced by the flame, leading to kepy =
Fx. For lean methane air flames, this leads to an under
prediction of consumption speed. Various authors have
proposed methodologies to tackle this issue, including
modifying species transport properties and extending the
thickened flame model °~'>.

Due to the known impact of the thickening factor on the
consumption speed of flame, the aim of this study is to
explore LES predictions of a turbulent premixed CHy-air
flame with varying thickening factors, and to focus on how
this affects the flame dynamics via the FTF. To the authors’
knowledge, this has not been detailed in the literature. This
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Figure 1. 1D reactant to product flame '

will be done by first introducing the impact of thickening for
a 1D flame. The analysis will then be extended to explore
the impact of F' in an LES case. Finally, the FTF will be
computed to show the impact on the flame response.

1D Reactant to Product Flames
Impact of Thickening on Consumption Speed

Firstly, the impact of thickening on stretched flames is
introduced for a 1D flame. This is done by analyzing a
generalised reactant to product (RTP) counterflow flame, as
shown in Figure 1, which allows the analysis of a flame at
varying levels of stretch. This can be done using Cantera
software > (more details of this configuration have been
presented by Garcia et al. '#).

The governing equation the mass fraction of a chemical
species Y} is given by:

dY; d
P T (”D

dYs

—k : 2
I > + wg 2)
where p is the density, w is the velocity, D is the mass
diffusivity, and wy is the reaction rate of species Y.
Applying thickening to this flame results in the equation for
chemical species being given by:

dY; d
MR T & (PFD

x + = 3)

dYy Wi

)+%
This increases the flame thickness by a factor F' by
increasing the diffusivity of the flame, but conserves the
laminar flame speed by division of the reaction rate term by
F also. The benefit of this model is it allows computation of
flames on much coarser grids, which reduces computational
cost. The base version of Cantera does not include this
modification to allow for flame thickening, hence a custom
version of Cantera is used in this study which has been
developed by CERFACS °.

For unstretched 1D flames (i.e freely propagating flames)
which propagate at the laminar flame speed, the propagation
speed of thickened flames is unchanged, but when the flame
is stretched in a stagnation flow, Popp et. al. showed that
the convective term is changed by a factor of 1/F°. This
results in the flame experiencing a stretch level kerp = K X
F' compared to the applied stretch «. To analyse this effect,
the consumption speed of the 1D RTP flame was analysed
at various thickening factors, where consumption speed is

14.
! /OO ¢ dx “4)

defined here as'“:
SC#? = 0
puAHc (Yﬂb - Yfﬂl«) —o0
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where p,, is the unburned density, A H? is the lower heating
value of the fuel, Yy, is the mass fraction of fuel in the
burned gases, and simularly Y7 , is the mass fraction of fuel
in the unburned gases, ¢ is heat release rate, and x indicates
axial direction (see Figure 1).

A lean (¢ = 0.7) methane-air flame was simulated using
the detailed C3MechLite mechanism, containing 61 species
and 539 reactions. This mechanism is derived from detailed
experimental and numerical data from the C3MechCore
kinetic model'®, a detailed mechanism which consists of
rigorous experimental and numerical validation. Thickening
factors of F' = 1,3, 6,8 were tested with stretch levels xk =
0 — 8,000 (1/s), and the resulting consumption speed is
shown in Figure 2a where it can be seen that the consumption
speed of a thickened flame drops rapidly due to F'. It is
also shown in Figure 2b, that when the consumption speed
is plotted against x x F', the curves collapse onto one,
demonstrating this effective stretch phenomenon.
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(b) Consumption speed plotted against 7y = x X F

Figure 2. Consumption speed S. 4 (as defined in Equation 4)
of 1D methane-air (¢ = 0.7) RTP flames for various thickening
factors

Impact of Thickening on a Global Chemical
Kinetic Mechanism

Given that the artificially thickened flame model was first
developed to be used with finite-rate chemistry models for
LES'7, it is most common for a global chemical kinetic
mechanism (1-3 reactions) to be used in LES due to the
prohibitive computational cost of a detailed or in some
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cases skeletal mechanism. Hence one must consider how the
consumption speed of a flame with a global chemical kinetic
mechanism varies with thickening factor.

Franzelli et al.'® showed that for lean CHy-air flames,
global mechanisms tend to over predict the consumption
speed of a flame when stretched. Despite this general over
prediction of consumption speed for lean CHgy-air flames,
many authors have used global mechanisms in LES to predict
flame shape and hence thermoacoustic results quite well >>°.

To analyze this effect further, a 1D RTP flame is computed
using a global mechanism for lean CH4 combustion (that
is also suited to low percentages of Hy) by Garcia et al.”
named the 3SOOH mechanism. The resulting consumption
speed is plotted in Figure 3 for various thickening factors
and for stretch levels of up to 8,000 (1/s). Also plotted is the
consumption speed of the detailed C3MechLite mechanism
with no thickening for comparison. It can be seen that the
3S00H, F=1 case over predicts the consumption speed of the
detailed mechanism as expected. As the flame is thickened
for the F=3,6,8 cases, it is seen that the consumption speed
drops due to the flame experiencing a stretch level of K¢ rp =
F' x k as discussed in the previous subsection.
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Figure 3. S. ; vs & for the 3S00H mechanism at ¢ = 0.7

Hence, it can be concluded that as lean CHjy-air
flames computed with a global mechanism are thickened,
the consumption speed drops. It can be seen that the
consumption speed of the 3SO0H appears to get closer to
the detailed mechanism with thickening factors of F' >
8, but it should be noted that this does not imply that
this is a thickening F' > 8 should be used in a 3D LES
simulation. Since the consumption speed in LES is a function
of the efficiency function, thickening factor, flame stretch via
straining and curvature, heat loss, and other hydrodynamic
and thermochemical factors. This consumption speed will
also vary along the flame. Furthermore, it is not expected that
the scaling of the convective term with 1/F for 1D flames
would apply in the same fashion to 3D turbulent flames,
and hence there is likely a more complicated relationship
between k.ry and k.

Nonetheless the trend holds that a global chemical kinetic
mechanism for the case of lean CH, flames tends to
overpredict S, 4, and this consumption speed tends to drop
as the flame is thickened.
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3D LES: NTNU Burner

LES was conducted using ANSYS Fluent 2023R2 on the
NTNU bluff body combustor '*~! due to its simple geometry
and wealth of open source experimental data. The geometry
is shown in Figure 4, where L, = 145mm, Ly = 45mm,L. =
80mm, dg =4mm. H is the flame length, which is calculated
in the lean CHy case as being H ~ 34 mm.
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Figure 4. Experimental Setup with relevant length scales

labeled (not to scale). Full experimental setup can be found

in 20-22

The CHy-air case (¢ = 0.7) only is considered here.
Conjugate heat transfer was applied to accurately represent
flame dynamics??, using the boundary conditions in Garcia
et al.”. A structured, poly-hexcore mesh was created using
Fluent Meshing resulting in 10.7M cells, with a cell size of
A = 0.25 mm at the flame and grub screws. The number of
grid points in the flame is given by:

F&9
n=—*L

A &)

Simulations were performed with n =5,7.5,10 which
correspond to ' =1.79,2.69, 3.58, given that the laminar
flame thickness calculated from the 3SOOH was given as
89 = 0.6986 mm. The Charlette efficiency function is used
in all cases, with a flame sensor based on reaction rate of
CH,4 oxidation.

Shown in Figure 5 is the normalised heat release
rate of each case, compared with the experimental OH*
chemiluminescence. The experimental image is reconsructed
using Abel Deconvolution. The effect of thickening on the
mean flame shape can be clearly seen, where the increase
in thickening resulted in a longer flame due to a drop in
consumption speed. The outer shear layer also became less
intense as the thickening factor increased. In a case with a
further increase of thickening factor to n = 15 (F' = 5.37),
the outer shear layer extinguished and the flame transitioned
from an M shaped flame to a V shaped flame (not shown
here).
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Figure 5. Comparison of normalised intensity of experimental OH* chemiluminescence to the normalised heat release rate from
LES simulations with thickening factors F' = 1.79, 2.69, 3.58. All dimensions in mm. Dashed lines show the flame length

(centroid),H, for each case

To show the elongation of the flame with thickening more
clearly, the integrated HRR in the axial direction is shown in
Figure 6, where the area under each curve is normalized to
be 7kW. The flame length (centroid height), H, is also shown
using dashed lines for each case. It can be clearly seen that as
F' was increased, the flame length increased, and the extent
of heat release increased along the length of the combustor.
This is characteristic of a drop in consumption speed. It
is also worth noting in the F=3.58 case the consumption
speed dropped so much that the heat release rate at the outlet
was non-zero. This indicates that the flame left the domain,
and energy was not conserved. This has implications for
determining the FTF which will be discussed in the next
section.
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Figure 6. Comparison of integrated heat release rate (HRR)
from LES simulations with F' = 1.79, 2.69, 3.58 to the integrated
experimental OH* chemiluminescence. Plotted against axial
distance along the combustor. All plots normalised to have an
area of 7kW.

Flame Transfer Function

The FTF of each case was computed using the LES System
Identification (LES-SysID) methodology>#* for each case.
This involved forcing the inlet velocity with a broadband
signal, and extracting the velocity at the flame base (dump
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plane) and the volumetric heat release rate as the input and
output respectively of a linear time invariant system. The
auto correlation matrix, I', and the cross correlation vector,
¢, were computed and used to calculate the impulse response
(IR) vector h by inversion of the Weiner-Hopf equation:

h=T""¢ (6)

More details can be found in20-’

Daubechies wavelet signals of length 0.2s with an
amplitude of 6%, and frequency limited to 1000Hz,
were generated using the TFD toolbox from Technical
University of Munich?®?°, The F = 1.79,2.69 cases
appeared sufficiently identified after 0.15s of data had been
collected, to where changing the number of impulse response
coefficents had minimal change on the FTF shape. The F' =
3.58 case had a higher signal to noise ratio, and hence needed
an LES run of 0.2s for reasonable identification of the FTF.
The gain and phase of the FTF are shown in Figure 7.

Clear differences in the gain can be seen from each
thickening factor. Firstly it can be seen that for the /' = 1.79
case there were two modulations in the gain at f =~ 270, 520
Hz. The F' = 2.69 case showed only one major peak in the
gain at f ~ 270 Hz, and the = 3.58 showed no large peaks
in the gain, and also showed no excess gain (i.e. |F(w)| >
1). The F' = 2.69 case appeared to have the closest match
with the experimental gain, with a slight overprediction of
excess gain at f =~ 270 Hz. The behavior of the phase was
representative of the differences in flame length (as seen
by the change in flame length for each case in Figure 6).
There was minimal difference in the phase due to similar
flame lengths, but a clear difference can be seen at higher
frequencies (800-1000 Hz) where the phase of the F' = 1.79
case had the largest slope, and this slope reduced as the flame
was thickened, and hence the flame length increased.

Modulations in Gain

The LES-SysID workflow computes the impulse response
(IR) vector h, as computed using Equation 6. This impulse
response vector can be used to analyze the key time delays
that govern the dynamics of the system?". The IR for each
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Figure 7. Flame Transfer Function of the F' = 1.79, 2.69, 3.58
cases calculated using LES-SysID. Experimental values also
shown. The top abscissa shows Strouhal number, calculated as
per Equation 8, wheras the bottom abscissa shows frequency in
Hz

case is shown in Figure 8. The first time delay captured by
each case is 7} ~ aﬁ where H is the height of the flame and
ug is the mean velocity that exits the bluff body in the dump
plane. This corresponds to the time delay from the flame base
to the mean flame length. The second time delay corresponds
to the delay from the grub screws to the mean flame height,
Ty R % + %, where L is the distance of the grub screws
from the dunplp plane, and ), is the average velocity in the
inlet pipe. These length scales are shown in Figure 4.

It is clear from Figure 8 that the F' = 1.79 and F' = 2.69
cases interacted with these two time delays 7, and 7, wheras
the F' = 3.58 case only interacted with 7;. The time delay
To was shown experimentally to result in modulations in the
gain and phase, and the physical mechanism is due to vortex
shedding at the grub screws””. These modulations can occur
when the flame length is small enough to result in a cut-off
frequency that is less than or greater than the frequency of
certain vortex shedding modes.

It was shown that if these grub screws are replaced with
cylinders®' (which is how the grub screws are modelled in
LES) that the physical origin of the modulations are due to
vortex shedding, which can be demonstrated using a Strouhal
number scaling of:

Loy ™
U

P

Stag =

where f is the shedding frequency, d,, is the diameter of the
grub screws and 1, is the average velocity in the upstream
pipe containing the grub screws.

There are various Stq, that the vortices can shed at 22 but
it is noted that the largest experimental modulations were
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Figure 8. Impulse Response vector of each case
F=1.79,2.69, 3.58, where the coefficients hy of the unit
impulse response vector h is plotted against time.

be seen in the range Stgq, = 0.2 — 0.4. While the physical
origin of the vortex shedding is from the grub screws, the
wavelength and hence characteristic time delay correspond
best with the time delay 73 ~ % (where 73 = 79 — 71q)°!
which is the time taken for the vortex to reach the flame base.
A Strouhal number based on this time lag is given as:

fsL
Stre, = g
g Up

= fsTS (8)

St g was plotted on the x axis in Figure 7, and it was
seen that the modulations appeared at integers Sty ~ 1,2,
corresponding to experimentally recorded values?'. This
corresponds to, for this case, f, =~ 262 Hz and f;, ~ 524
Hz, which aligns with the modulations in gain.

The cut-off frequency of the flame, which identifies which
vortex shedding modes can interact with the flame, can be
estimated as the inverse of 71 >

o= =74 ©)

The cut-off frequency for each of thickening factor case,
is shown in Table 1. Also plotted is the ratio of the first
two vortex shedding modes f,, and f,, corresponding to
Strg =~ 1,2 respectively. It was seen that as the thickening
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factor is increased from the F' = 1.79 case to the F' = 3.58
case, the cut-off frequency for the interaction with vortex
modes decreased. It can be seen that once f5,/f. ~ 0.47,
the interact of this vortex shedding mode with the gain of the
FTF became weak, as is evident from Figure 7. Furthermore,
the ' =1.79,2.69 cases both showed a modulation in the
gain of the FTF at Str; = 1 due to a lower value of fs1/fe.
It is also evident in Figure 7 that the FTF gain only showed
significant modulation at Sty,, = 2 for the ' = 1.79 case.
This indicates that as f,,/ f. gets greater than approximately
0.79, the modulations of this mode to the FTF gain become
negligible. It was also observed experimentally that vortex
shedding modes can interact with the FTF gain at Sty, = 3
if the cut-off frequency allows.

Table 1. Flame heights, cut-off frequencies, and the ratios
fsi/feand fs,/ fe for each case.

Case Hmm) f.MHz) fo,/fe [fs,/[e
Exp. 33.6 610 043  0.86
F=179 310 661 040 079
F=269 324 633 041 083
F =358 367 559 047 094

It is clear that changing thickening factors can cause
the amplification or attenuation of modulations in the FTF
gain. The main reason for these modulations changing is
this case was shown to be due to changes in flame height
and hence cut-off frequency at which shedding vortices can
interact with the flame. It has been known that the ATF
model can suppress flame wrinkling**, which is accounted
for by the efficiency function. Since flame wrinkling plays a
very important role in determining the interaction of vortices
with the flame in this case, future work will focus on
computing the FTF using a coarser mesh, where the role of
the efficiency function plays an important role in recovering
flame wrinkling.

Low Frequency Gain Limit: Conservation of
Energy

Another noticeable difference in the FTF’s of each case
was the low frequency gain limit, |F(w)|as=o. Polifke
and Lawn’* showed that for a premixed flame, due to
conservation of mass and energy considerations, this low
frequency value should approach 1. As seen in Figure 7,
as F increased, the low frequency gain limit decreased,
indicating conservation laws for mass and/or energy were not
conserved. A closer examination of the normalised HRR in
Figure 6 shows that as the thickening factor increased the
HRR at the outlet of the domain increased. The outlet is
placed at y = 80 mm, and it was seen that for the F' = 1.79
case, there was negligible HRR at the outlet. As F was
increased to F' = 2.69 it was seen that the HRR is slightly
non zero at the outlet, and the F' = 3.58 case showed a
non negligible HRR at the outlet. This indicates that as the
thickening factor was increased and the flame became longer,
part of the flame started to leave the domain, and energy was
no longer conserved. This is the reason for the reduction in
low frequency gain limit with frequency, and also explains
the large confidence interval in the FTF for the ' = 3.58
case at the low frequency gain limit. Lengthening of the
domain would increase the low frequency gain limit to 1 and
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allow for more accurate study of the dynamics of the flame at
higher thickening factors, but it should be noted this is purely
due to the numerics, and experimentally there is no evidence
of non negligible HRR at the outlet.

A further increase of thickening factor n = 15, F = 5.37
showed a further decrease in the low frequency gain limit
(and gain overall) due to the flame being too long to
be resolved by the domain, and hence energy not being
conserved.

Conclusion

This study explored the effect of flame thickening on the
flame shape and dynamic response of a flame via the flame
transfer function.

Firstly, a 1D reactant to product counter-flow flame
was examined to analyze the impact of thickening on the
consumption speed of a flame. This analysis was also
extended to compare the behaviour of a global kinetic
mechanism, which is suited for Large Eddy Simulations
(LES), with that of a detailed kinetic mechanism.

Full 3D LES was then conducted on a lean CHy-air
combustor test case with three thickening factors, F' =
1.79,2.69 and F' = 3.58 corresponding to differing numbers
of cells across the flame front n = 5,7.5,10 respectively.
The trends shown from the 1D flames were also examined
in the 3D LES, where thickening of the flame tends to
reduce the consumption speed of a lean CHy-air flame. This
manifested itself as a reduction in flame length, and a heat
release rate which was distributed over a larger length.

The Flame Transfer Function (FTF) was then computed
using the system identification workflow. There was a
decrease in phase at larger frequencies as thickening factor
was increased. A more noticible difference was shown in
the gain of each case. The F' = 1.79 case showed peaks
in the gain at f ~ 270,520Hz, wheras the F' = 2.69 case
only showed the peak at f ~ 270 Hz, and the F' = 3.58 case
showed no peaks in gain. These peaks in the gain were shown
to correspond to vortex shedding modes from the cylinder,
with wavelengths corresponding to a Strouhal number based
on the distance of upstream cylinders to the base of the flame.

It should be noted that the FTF obtained using a thickening
factor of F' = 2.69 represented the gain and phase of the
experiment reasonably well, wheras the FTF’s obtained
using thickening factors of F' = 1.79 and F' = 3.58 showed
clear and distinct differences, mainly in the gain.

It was shown that the F' = 3.58 case had an unphysical
low frequency limit in the FTF gain due to lack of
conservation of energy. This was due to the flame leaving
the domain of the combustor, as a result of the drop in
consumption speed induced by the thickening factor.

This paper clearly highlights the how the thickening
factor used in the Artifically Thickened Flame model can
impact the flame transfer function, and likewise the impulse
response.
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