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The design and construction of combustion systems like central heating boilers is obstructed by acoustic
problems because these are largely misunderstood, despite our increase in knowledge over the last
decades. Current models for the phase of the transfer function of Bunsen-type flames, based on
the kinematic behavior of the flame, completely miss the experimentally observed phase, unless the
measured flow field is used in the model. In this paper we analyze numerical results of the steady
flame form and flame transfer function obtained with detailed, two-dimensional numerical simulations
of flames on multi-slit burners. The numerical model is validated with experiments of the flame shape
(using chemiluminescence) and the flame transfer function (using OH luminescence for the heat release
fluctuations and heated wire probe for the acoustic distortions). We subsequently study the influence of
changes in mean flow velocity, slit width and distance between the slits on the transfer function, both
numerically and experimentally. The experimentally observed effect of varying equivalence ratio on the
flame transfer function is also analyzed. Good agreement is found which indicates the importance of

predicting the influence of the flow on the flame and vice versa.

1 Introduction

Noise problems often arise in technical combustion sys-
tems like domestic gas boilers or gas turbines. These
problems are related to the interaction of acoustic waves
in the complete system with the flame. Acoustic waves
could lead to fluctuations in the heat release of the flame,
which could amplify the acoustic wave which leads again
to an increase of the acoustic energy in the system, pro-
vided the Rayleigh criterion is satisfied. If this happens
near eigenmodes of the system, this might lead to acous-
tic instability, observed through noise and possibly even
system failure if the velocity and pressure amplitudes
are very high.

The feedback mechanism between the acoustic field and
the heat release fluctuations can have different origins.
There are many ways to arrange this coupling depend-
ing on the specific form and burner type. Here, we will
consider the response of fully premixed laminar Bunsen-
type flames on multi-slit burners with fixed equivalence
ratio to a fluctuating velocity field, resembling an acous-
tic wave. It is expected that these small flames on multi-
slit burners display (1) an oscillating heat release rate
due to flame surface area undulations, as in the case of
a Bunsen burner, and (2) on top of that an oscillating
heat loss rate to the burner near the flame foot area
resembling the case of a flat flame stabilized on a sur-
face burner. Together these phenomena are responsible
for a fluctuating heat release which is visible in terms
of the flame transfer function (TF). Knowledge of such
‘generic’ flame structures might give new insight in the
field of turbulent flames as appearing for instance in gas
turbines.

The acoustic response of Bunsen-type flames has been
studied intensively over the years. Current state of the
art is that there exists an essential discrepancy between
experimental and theoretical results. Putnam’s experi-
ments [8] with many different systems in which a self-
sustained acoustic instability can be observed forced him
to conclude that there is a combustion process time lag
and that this time delay is equal to a traveling time of
gas particles from the burner outlet to the mean po-
sition in the flame zone. By nature this time lag is a
‘system time delay’, in other words, the flame effectively
responds to a flow perturbation some time 7y after it is
applied at the burner outlet. This observation has been
verified in many experimental studies afterwards. Sev-
eral models have been introduced to predict this behav-
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ior. A very simple analytical model for predicting the
kinematics of axi-symmetric premixed Bunsen flames in
a tube has been derived by Fleifil et al. [1]. This model is
based on the dynamic G-equation. Compared to experi-
ments, the global structure of the flame shape motion is
captured but the resulting flame transfer function is un-
satisfactory. The model predicts a phase for the trans-
fer function which is asymptotically approaching 7/2 for
large frequencies, while experiments have shown a much
larger phase. A number of improvements of the kine-
matic models have been investigated over the years but
the experiment has not been reproduced unless a mea-
sured velocity field is used to compute the flame motion
[10].

In this paper we will investigate the response of Bunsen-
type flames on multi-slit burners, both experimentally
and numerically. This configuration is chosen as it can
be easily modeled in a two-dimensional geometry. A
kinematic flame surface model will not be used, but
rather a more complex model which includes the Navier-
Stokes and transport equations for a two-dimensional
flame on a burner, in which the full interaction between
flame, flow and burner is taken into account. Results
of the flame geometry (flame front motion), flow field
pattern and acoustic transfer function of the flame are
compared with experimental results. The present pa-
per contains results related to a parametric study of
the flame TF (measured and simulated), accompanied
by examples of the comparison of the steady flame form.
Results related to temporally and spatially resolved mo-
tion of the flame front and flow field will be presented
elsewhere.

We have organized this paper as follows. The exper-
imental configuration is presented in the next section,
including the outline of the experiments performed. In
Section 3, the model used in numerical simulations is
presented. The comparison of experimental and numer-
ical results is presented in Section 4. This contribution
ends with a few conclusions.

2 Experimental method

The burner consists of a vessel with a flat perforated disc
inserted on top of it (see Fig. 1(a)). The disc contains
a series of 12 mm long rectangular slits, each of width
d whereas [ is the distance between adjecent slits. The
pitch then equals [ + d and the porosity £ = d/(d + ).



The slits are perforated in a steel plate of 1.0 mm thick-
ness. A mixture of methane and air at ambient condi-
tions (p = 1.0 atm and 7" = 293 K), with an equivalence
ratio ® and a velocity @ (approaching bulk velocity be-
low the plate, leading to an average velocity of V = a/¢
in the slit) is used to stabilize the steady flames. The
burning velocity of the mixture is sy,. The burner plate
reaches temperatures in the range of 100°C' —150°C due
to the steady combustion. The gas flows are controlled
with mass flow controllers (MFC) installed far enough
from the burner to allow a perfect mixing and to avoid
a possible acoustic influence on ® and/or @,. To impose
a flow velocity perturbation u’, a loudspeaker operated
by a pure tone generator was installed upstream in the
mixture supply tube. To measure the flame heat release
rate, the chemoluminescence intensity of OH* was cho-
sen as an appropriate indicator. To monitor the velocity
oscillation a hot-wire anemometer was installed 10 mm
upstream, just beneath a slit in the burner vessel (see
Fig.1).
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Figure 1: Burner setup (a) and calculation domain (b)

The response of the flame to acoustic waves is character-
ized in frequency domain by the so-called flame transfer
function (TF), which is defined as the ratio of the rela-
tive heat release rate perturbation ¢’/q and the relative
flow velocity perturbation v’ /4, i.e.,

4/
TE(f) = &
where f is the frequency of the velocity perturbation.
The fluctuations ¢’ are a result of flame surface varia-
tions due to flame front undulations and heat loss vari-
ations to the burner. Raw experimental data consist
of 0.5s samples of «/(¢) and I}y (t) time histories dig-
itized with a sampling rate of 20kHz. The gain of the
TF was calculated as the ratio of the amplitude of the
Fourier transform of the I{.(t) signal and the ampli-
tude of the Fourier transform of the acoustic velocity
signal «/(¢). The phase difference between I(yy-(t) and
u/(t) was restored by a cross-correlation analysis of these
signals. The TF can be presented either in the form of
a frequency dependent gain G(f) and phase delay ¢(f)
or in a polar plot where G(f) presents the radial length
and ¢(f) presents the angle.

3 Numerical modeling

The code LAMFLA2D [4, 12] is used to simulate the re-
sponse of methane-air flames to velocity perturbations.
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The code solves the primitive variable formulation of the
conservation laws for two-dimensional, low-Mach num-
ber reacting flow. It is based on a one-step chemical
reaction model for the species CH4, Oz, CO2, H5O and
Ny. LAMFLA2D uses the following numerical methods:
a second order finite volume/complete flux scheme for
space discretisation, the implicit Euler method for time
integration, a pressure-correction method to decouple
the pressure computation and a nonlinear multigrid
method and GMRES to solve the discretised system.
For more details see [4, 12, 13].

Most important details of the physical and chemical
models used, are presented in the following. The diffu-
sion fluxes are modeled using a Fick-like expression with
the mixture-averaged diffusion coefficients given by

m=(1-Y)/> X;/Di,

J#i

D;, (2)

where X; and Y; are the mole and mass fractions, re-
spectively, and D;; are the binary diffusion coeflicients
[11]. The transport equations are only solved for species
CHy, Og, CO5 and H30O. The mass fraction of No, the
N-th abundant species, is computed from Zf\il ;=1
to assure that sum of fluxes is 0. A semi-empirical for-
mulation is applied for the conductivity, i.e.,

A\ = %(ZV;XZ-/\Z-+ (iZ]:;Xi/)\i)l)7

where )\; is the thermal conductivity of the ith species.
The transport coefficients D;; and A; are tabulated in
terms of polynomial coefficients, similar as in the
CHEMKIN package [6]. The thermodynamic properties
are also tabulated in polynomial form [7].

3)

We apply a single-step overall irreversible reaction mech-
anism in the numerical study:

CHy; + 20, — 2H0 + COso, (4)

with the reaction rate of methane given by [5]:

pen, = —Ap" Y, YS, exp(—Ea/RT). (5)
The overall reaction parameters were fit to experiments
to predict the correct relation between the burning ve-
locity and flame temperature (for flat adiabatic and
burner-stabilized flames) in the range 0.8 < ® < 1.2 and
optimized for ® = 0.8 [3], leading to m = 2.8, n = 1.2,
E, = 138kJ/mol and A = 2.87x 10" (kg/m?)' ™" "s~1,
The effect of heat losses is incorporated in the fitting
procedure to make sure that flame stabilization due to
heat transfer to the burner. It was shown in earlier stud-
ies [3] that this model accurately describes the global
behavior of steady burner-stabilized flames. In [9] it has
been shown that this mechanism is also well suited to
model the response of one-dimensional lean methane-air
flames to low-frequency acoustic distortions. In the cur-
rent paper we restrict the modeling to premixed methane-
air flames with ® = 0.8.

Only a small part of the repetitive flame structure is
computed (a numerical domain with half the pitch width
of (I + d)/2, using symmetry boundary conditions at
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both sides (see Fig.1b)). The inflow part below the
burner-plate is also taken into account in the simula-
tions using a flat velocity profile with perturbation, i.e.,
U % + u' as inflow condition. This procedure ac-
curately models the approaching acoustic wave at the
inflow, since acoustic waves have infinite wave length
and pressure fluctuations are not needed in the limit of
Mach-numbers Ma — 0 (as used in this model). The
outflow is simply modeled using zero derivatives of ve-
locity and other combustion variables, which is also ac-
curate in this case if the outflow boundary is sufficiently
far away from the active region.

4 Results

Two types of results are considered in this section. First,
the steady flame shape and flame TF is analyzed and
compared with numerical results for a flame with ® =
0.8, V = 100cm/s, d = 2.0mm and ! = 3.0mm (rep-
resentative case). A parameter study is subsequently
presented for the TF with varying ®, V, d and [. The
typical underlying flame form/size is analyzed and the
change in behavior of the flame TF is discussed.

To understand the general structure of the TF of the
multi-slit burners presented in this section, it is instruc-
tive to consider the flame TF’s for a Bunsen-type conical
flame and a flat burner-stabilized flame (see Fig.2). As
the multi-slit flame contains parts which resemble both
these flame patterns, it is expected that the flame TF of
multi-slit flames is a weighted sum of the two individual
TF’s of a Bunsen-type flame cone (flame cone kinematics
part) and a flat burner-stabilized flame (flame to burner
deck heat-exchange related part). It is well known [2]
that the flame TF of a single Bunsen-type flame is char-
acterized by (a) a low-pass filter behavior (amplitude
decreasing with frequency, with a cut-off frequency de-
pendent on d), (b) a phase which shows a time delay
behavior in the low-frequency range (linearly increasing
phase with frequency), which corresponds to a convec-
tive wave traveling from the flame foot to the flame tip
which takes a time 79 o< H/V to arrive at the flame front
and (c) a slowly varying high-frequency offset behavior
(constant gain and phase shift at high frequency). On
the other hand, the flame TF of a flat burner-stabilized
flame also shows a low-pass filter behavior but shows a
limited phase change ¢(f) asymptotically approaching
7 at high frequencies and displays a large gain G(f) at
low frequencies (resonance) [4].

Flame TF for the representative case

Fig.3 compares the steady flame shapes (c¢) and and
TF’s (gain G(f) (a) and phase ¢(f) (b)) for the par-
ticular case. The experimental part shows a chemilumi-
nescence photograph while the chemical source term is
visualized in the modeling results of Fig.3(c). The corre-
spondence is reasonable despite that different quantities
are visualized. The experimental flame has a height of
h = 4.7mm while the numerically computed flame is
slightly smaller with height A = 4.5mm. Note also that
individual flames stabilize on the slits and do not merge
near the foot area in both the experiment and the nu-
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Figure 2: Experimental flame TF gain (a) and phase
(b) for a single Bunsen flame on a tube (lines 1 for
®=0.9,V =150 cm/s and d = 1.0 cm) and a flat
flame stabilized on a burner perforated brass deck

(lines 2 for ® = 0.9, V=10 cm/s and T=260C).
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Figure 3: Comparison of experimental and numerical
flame TF gain (a) and phase (b) for the representative
case including a direct comparison of the steady
numerical and experimental flame structure (c).
Parameter values are: V = 100cm/s, d = 2.0mm,

!l =3.0mm, & =0.8

The experimental and numerical flame TF’s are com-
pared in Fig.3(a,b). The correspondence of gain and
phase is reasonable. The experimental TF is found by
measuring the flame response at a large number of dif-
ferent frequencies, while the numerical result is com-
puted during a single computation, i.e., by modeling
the flame response to a small but instantaneous veloc-
ity change at the inlet. This perturbation contains the
transfer function for all frequencies which can be found
by Fourier analysis. It should be noted that the pertur-
bations should be small enough to avoid nonlinear flame



response. This is checked by varying velocity perturba-
tion amplitudes.

A combination of both TF’s of a flat flame and a Bunsen-
type flame is seen in the case of flames on multi-slit
burners (Fig.3). The Bunsen flame (flame cone kine-
matics) characteristics are very clear, and moreover, we
see a larger gain G(f) for low frequencies, corresponding
to part of the TF of flat burner-stabilized flames. The
effect of the resonant flame foot motion on top of the
burner, as found for burner-stabilized flames is visible
in terms of a gain G > 1 near 100 Hz (see Fig. 3(a)).
The fact that the numerical flame TF phase approaches
a constant phase of around 4x for f > 450 Hz, while
the experimental TF phase is still increasing is related
to the high sensitivity of the TF phase saturation level
to small variations in the flame (mixture) parameters.

Effects of V, ®, d and l on flame TF

Fig. 4 shows measurements and simulation results of the
flame TF for varying V while ® = 0.8, d = 2.0mm and
! = 3.0mm. The figure indicates that the model is very
well capable to predict the behavior of the experimental
results for all cases. The TF for the lowest velocities
looks very similar to that of the flat burner-stabilized
flame (low phase for all frequencies and high gain at
small frequencies), since the individual flames are very
small and the major part of the combustible mixture is
consumed as in a flat surface burner. For higher veloc-
ities the flame height increases and much more of the
mixture is consumed by the longer Bunsen-type flames,
and as a result, the contribution of the Bunsen flame TF
to the multi-slit TF increases. Therefore, the phase be-
comes very similar to the Bunsen-type flame behavior,
with constant slope at low frequencies and a saturation
at a constant phase at higher frequencies. The slope
of the phase (proportional to 79) does not change if V'
is varied, because the flame height H also increases for
higher velocities leaving the parameter 7y unchanged.
The saturation level increases with V' like in the case
of a single Bunsen flame due to the shift of the cut-off
frequency of the low-pass filter to higher frequencies. A
similar effect is seen in the gain: at low velocities, G(f)
looks like the surface burner gain, while the influence of
the Bunsen-type flame gain increases for increasing V.
This leads to the observation that the change in gain
G(f) is more pronounced than in the case of a single
Bunsen flame.

Fig. 5 shows measurement data and numerical results
of the flame TF for varying slit width d and distance [
with [/d = 1.5, while V' = 100cm/s and ® = 0.8. Now,
the flame height increases (while V' remains constant)
with increasing d so that the slope of ¢(f), proportional
to 7o = H/V increases. The correspondence between
experimental data and numerical results is again excel-
lent.

Fig. 6 shows measurements of the flame TF for varying
distance between the slits [ while V' = 100cm/s, ® =
0.8 and d = 2.0mm. Increasing the distance between
slits leads to a separation between attachment points
of the individual flames, a higher flame foot position
and a higher flame height. This, once more explains
the increasing slope in the phase plots, while the gain is
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Figure 4: Comparison of experimental flame TF’s (a,b)
with computed TF (c,d) for varying velocity
V =50,62.5,75,100,125,150cm/s. Other parameter
values are: d = 2.0mm, [ = 3.0mm, ® = 0.8; TF gain
(top, a,c), TF phase (bottom b,d)
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Figure 5: Comparison of measured flame TF (thick
lines) with computed TF (thin lines) for varying d and
I with l/d =15,V =100cm/s, ® = 0.8; TF gain (top),

TF phase (bottom), experimental and numerical
steady flame structure (right).

hardly influenced.

Finally, Fig. 7 shows measurements of the flame TF
for varying ® while V' = 100cm/s, d = 2.0mm and
!l = 3.0mm. No comparison with numerical results are
given here, since we only did numerical simulations for
® = 0.8. The slope of the phase ¢(f) is proportional to
the convective time 70 = H/V which decreases for in-
creasing ® simply because the flame length H becomes
smaller. A smaller flame is a result of a higher burning
velocity associated with a richer mixture. The gain is
hardly influenced by changes in ® as for the case of a
single Bunsen flame.

5 Conclusions

Experimental and numerical results of steady flame shape
and flame TF are compared for Bunsen-type flames on
multi-slit burners. Changes in velocity, slit width and
distance between the slits are also considered. The over-
all agreement indicates that the numerical model, al-
though being simple in terms of chemical kinetics, is
able to describe the full dynamics of the system. The
comparison also gives additional confidence in the meth-
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Figure 6: Comparison of measured flame TF (thick
lines) with computed TF (thin lines) for varying ! and
constant d = 2.0mm with V' = 100cm/s, ® = 0.8; TF

gain (top), TF phase (bottom))

ods (i.e. chemiluminescence and heated wire techniques)
used during the experimental research.

The results indicate that the TF of multi-slit flames is a
weighted sum of the well-known TF’s of a Bunsen-type
conical flame and that of a flat flame stabilized on a flat
burner. If the flames are short, the full multi-slit TF
is similar to the TF of burner-stabilized flames because
only a small part of the mixture is consumed by the
small Bunsen flames. The opposite is true in the case of
long Bunsen-type flames: the major part of the mixture
then is consumed by longer flames, leading to a TF very
similar to that of the corresponding Bunsen-type flame.
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