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Abstract
In the paper we demonstrate the calculation of the noise source of turbulent premixed swirl
flames based on a new model using the time mean RANS variables from a reactive CFD
calculation: heat release rate, turbulence kinetic energy and dissipation rate. The model is
based on an assumed model spectrum for the reaction progress variable, on a premixed mean
turbulent heat release model as well as on previous work on turbulent flame noise formation. It
includes no free calibration coefficients. The new model has been validated with encouraging
agreement using experimentally measured input data and comparing the resulting spectra of
acoustic power with measurements on swirling flames varying power, equivalence ratio and
fuel composition. Steady reactive RANS- CFD calculations were performed and validated to
which the noise model was applied. Very good agreement between the measured and modelled
spectra of acoustic sound pressure was obtained.

INTRODUCTION

Over the last years turbulent combustion noise has become a focus of interest in industrial
gas turbines, jet engines and domestic water heaters in order to optimize designs for durabil-
ity and minimal sound emission. The fundamental connection between the turbulent reactive
flow field and the generation of sound is known since the pioneering work of Lighthill [8] in
1952. There its mathematical description emerged as a by- product of the analysis of aero-
dynamically generated noise which most of the early theoretical and experimental work was
focussed on (e.g. [10]). Almost a decade later the first studies on combustion generated noise
were published (e.g. [2]). In the early 90s Clavin [3] proposed a connection between the tur-
bulent flow field and the noise emission of turbulent premixed flames based on Strahles work
[13], that exhibited a reasonable amplitude decay according to an exponential power law but
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could not provide a quantitative closure for sound pressure levels. Klein and Kok [6] proposed
a formal closure for calculating sound pressure from turbulent diffusion flames based on local
mean turbulence, mean reaction rate density and an assumed model spectrum for heat release
fluctuation. However, it relied on the specification of an empirical coherence length scale to
calibrate the model. Also the space time mapping proved to be non-universal. In contrast to
the previous work, the model for turbulent premixed flames applied in this paper is capable
providing quantitative spectra of acoustic power based on local mean turbulence and heat re-
lease rate density without adjustments. Since its derivation is described in detail in Hirsch et
al. [5], here we only summarize the model theory before we show and discuss reactive RANS
(Reynolds Averaged Navier Stokes) CFD (Computational Fluid Dynamics) calculation results
and the comparison of thus calculated sound spectra with experiments.

THEORY

For the thermo-acoustic source term the time derivative of the local heat release density is
needed as shown in e.g. Crighton et al. [4]. From the spectral viewpoint this is equivalent
to multiplying the frequency spectrum of heat release density with the angular frequency.
Therefore the provision of a model for the turbulent heat release density spectrum allows
the calculation of the turbulent combustion noise spectrum, e.g. by a Finite Element solution
of the resulting inhomogeneous wave equation. For free space an analytical solution exists,
which we use below for a convenient comparison with measurements. In the following we
only sketch the model presented in Hirsch et al. [5] to obtain a local model frequency spec-
trum for the heat release density based on mean turbulence quantities, but do not discuss its
assumptions.

For sufficiently large turbulence ReynoldsnumberRet = u′·lt
a0

, a0 being the thermal
diffusivity, and requiring that the turbulence velocityu′ and turbulence integral length scale
lt are sufficiently larger than the laminar flame speedsl, u′/sl > 1 and the laminar flame
thicknessδl, δl/lt ≈ a0/(sl · lt) << 1, the mean heat release rate densityq̃ ([W/m3]) can be
expressed as a function of the mean scalar dissipation rateξ̃c2 of the variance of the progress

variablec̃′2 [9] and is modelled formally as the dissipation rate of a passive, diffusive scalar,
whereε ≈ u′3/lt is the dissipation rate of turbulence kinetic energeryk = 1.5u′2, both per
unit mass.

q̃ = ρ0 YF,0 Hu ξ̃c2 = ρ0 YF,0 Hu · CD
ε

k
c̃′2 (1)

with CD = 2.0 as proposed in [9].ρ0, YF,0 andHu are the reactant density, fuel mass fraction
and lower heating value respectively. For simplicity it is assumed that the thermal diffusivity
of the fresh mixturea0 be equal to the kinematic viscosity, i.e.Pr = 1. Equation (1) suggests

that the spectrum of heat release can be obtained if the spectrum ofc̃′2 were known, thus:

Ẽq = ρ0 YF,0 HuCD
ε

k
Ẽc2 (2)

Assuming for the moment that̃c′2 behaves as a passive scalar, we may use the model
spectra derived in Tennekes and Lumley [14] with their proposed constantsα = 1.5, β = 0.3.
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After some algebra one obtains:

Ẽq = q̃ · Cs · CD

α
· α ε2/3

k
κ−5/3 exp

[
−3

2

(
πβα1/2 (κlt)

−4/3 + α (κηc2)
4/3

)]
(3)

= q̃ · Cs · CD

α

Eu2

k

whereCs = α/CD for the limit of large turbulent Damk̈ohler numberDat →∞. Eu2 is the
turbulence kinetic energy spectral density as e.g. proposed by Tennekes and Lumley [14] of
which the integral over all wavenumbers is the turbulence kinetic energyk. η c2 is the Corrsin
/ Kolmogorov scale, which for the passive scalar becomesLC = (a3

0/ε)0.25. To include the
effect ofc not being a passive scalar Hirsch et al. [5] consider two effects:

1. The propagation speed of the flame front characterized by the Gibson scaleLG = s3
l /ε

which will tend to ”iron out” the small scales, i.e. produce a spectral cut off at high
wavenumbers. They propose to consider it through an effective Corrsin scale:

ηc2 = max[cGLG, LC ] with cG = 3.0 (4)

2. The change of flame regime. With decreasing Damköhler number or increasing
Karlovitz number a decrease in spectral amplitude is expected due to the effects of

finite rate chemistry which reduce the variance of the progress variablec̃′2 ([1],[9]).
Reducing the variance corresponds to scaling the peak amplitude of the power spec-
trum, since the spectral cut-off is already considered. Hirsch et al. use the average heat
release density model proposed by Schmid et al. [11] and derive a scaling function for
Cs in equation (3) which is:

Cs =
α

CD

c̃′2(Dat)

c̃′2(Dat →∞)
=

α

CD




sl√
2/3 k

+ (1 + Da−2
t )−0.25

sl√
2/3 k

+ 1




2

(5)

Dat =
0.09 · k · s2

l

ε · C2
c a0

and Cc ≈ 1.2 for Natural Gas fuel (6)

With this scaling function the necessary asymtotic behaviour of the heat release spectrum
is obtained, sinceCs → 0 for Dat → 0, i.e. the homogeneous reactor limit, where no
heat release fluctuations exist. Up to here we have presented a model to determine the local
wavenumber spectrum of heat release density based on average quantities by inserting equa-
tions (5) and (4) into equation (3). To obtain the temporal spectrumψ(2πf) from the spatial
spectrumE(κ) Hirsch et al. follow Tennekes and Lumley [14] by requiring that the spectral
energy content of corresponding scales is conserved, i.e.κE = 2π f ψ and postulating that
the Lagrangian spectrum is a simple rearrangement of the Eulerian spectrum. For homoge-
neous turbulence this gives the following mapping between wavenumber and frequency.

κ =
2π

lt
· (2π)0.5

α0.75
· (f τc)1.5 (7)
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Hereτc = lt/u′ is the characteristic time scale. In premixed turbulent combustion this time
scale is given by the passing time of the large scales through the flame brush, i.e. the ratio
of the flame brush thicknessδt and the turbulent burning speedst: τc = Cτδt/st. Using the
turbulent burning velocity relations also proposed by Schmid, Hirsch et al. obtain:

τc = Cτ · δt

st
= Cτ · lt

u′
· a0/(sl · lt) + (1 + Da−2

t )0.25

sl/u′ + (1 + Da−2
t )−0.25

(8)

with Cτ ≈ 0.5. Given the local frequency spectra of heat release densityψq = κEq/(2πf) by
combining equations (3), (4), (5), (7) and (8) we can now compute the frequency spectrum of
the acoustic power in free space according to e.g. Winkler et al. [16]. For this the correlation
spectrum of the partial derivative of the heat release with respect to time needs to be integrated
over the flame volumeVf . As shown there this amounts to integrating the contributions of
the coherent monopole sources with a correlation volumeVcoh = 4π/3 l3coh over the flame
volume. The coherence lengthscale is evidentlylcoh = δt, which is confirmed by experimental
findings [15].

Pac =
2π

4πρ0c0

(
γ − 1

c2
0

)2 ∫

(Vf )
(2πf)2

(
κEq(κ)

2πf

)2

· 4π

3
(δt)3dVf

[
W

Hz

]
(9)

In the following section we shortly present the experimental setup for this paper, before
we turn to the results of two reactive RANS CFD cases and compare with experiment.

EXPERIMENTS

To validate the theory presented above, an experimental parameter study, reported in Hirsch
et al. [5] was performed on a turbulent premixed swirl jet flame varying power, equivalence
ratio and fuel composition at a fixed swirl number ofS = 0.5. These experiments provided
both the input, i.e. heat release and turbulence data, and the output, i.e. the measured noise
spectra, to validate the combustion noise model without adding further modelling uncertainty.
The excellent validation of the theory encouraged us to apply the model to a RANS CFD
simulation.

For the experiments reported here the same modular and flexible swirl burner (see
Figure 1) was used [16]. The outer diameter of the nozzle isD = 40 mm and the diameter
of the centerbody isDlance = 16 mm. The fuel was Natural gas (NG) operating with an
equivalence ratio ofφ = 0.83. A static mixer upstream guaranteed homogeneously premixed
air-fuel mixture. The thermal output was constant at30 kW and swirl number was set to
S = 0 andS = 0.8. The mean axial velocity at the burner exit was10.5 m/s and the Reynolds
number based on the hydraulic diameter ofd = 24 mm of the annular gap wasRe = 15000.
Acoustical measurements were performed with a calibrated microphone intensity probe at
0.7 m distance from the flame. Chemiluminescense was measured with an intensified camera
using an interference filter for308 nm. Velocities and turbulence quantities were measured
with a high speed particle imaging velocimetry (PIV) system. For space reasons we kindly
need to refer the reader to [5, 15, 16] for the details of the measurement techniques.
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Figure 1: Geometry of the burner burner and typical flame
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Figure 2: Schematic of the boundary conditions used

CFD MODEL

The swirling turbulent premixed flame with a thermal power ofPth = 30kW andφ = 0.83
was calculated for two swirl numbersS = 0 andS = 0.8 using the CFD code FLUENT
V6.1 in the 2d- axisymmetrical formulation using the heat release model by Schmid et al [11]
which was modified ad-hoc with a quench factor function based on Damköhler number to
suppress reaction in the outer shear layer. This was done to obtain a fair comparison with the
experimental flame shape, since the focus of this work was not combustion modelling but the
assessment of the noise source model with CFD.

q̃ = 4.96
ε

k

(
sl√
2/3 k

+ (1 + Da−2
t )−0.25

)2

c̃ · (1− c̃)ρ0YF,0Hu · (1− exp[−10Dat])︸ ︷︷ ︸
quench term

(10)

Equation (10) and the noise post-processor, equation (9) were added to the code as User De-
fined Subroutines and using User Defined Scalars. The calculation domain is shown schemat-
ically in figure 2. As shown there it included the plenum upstream of the swirler where the
mixture flow rate was specified. The swirler meridional cross section was modelled exactly.
The swirl and turbulence created by the tangential swirl ducts were included as source terms
in the momentum and turbulence equations as proposed by Kiesewetter et al. [7]. Downstream
of the burner exit a region of25D burner diameters axially and10D radially was discretized.
On the radial boundary inflow velocities ofv = 0.3 m/s were specified in the case ofS = 0.8
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Figure 3: Comparison of axial velocity from experiment and CFD with two turbulence models

Figure 4: Comparison of flame shapes, left measured deconvoluted chemiluminescense, right
mean reaction rate density from CFD

andv = 0.05 m/s in the case without swirl. Like this the jet entrainment could be satisfied
and convergence was improved. A sensitivity study showed that the results in the flame zone
did not change with a±100% of these values. In total 75000 cells were used.

RESULTS

The CFD calculation results for two turbulence models, the Standardk−ε Model (STKE) and
the Reynolds- Stress Model (RSM) were compared with the measured velocity data from PIV.
In figure 3 the radial profiles of axial velocity are shown at two axial positions downstream
of the burner exit for the case of the strongly swirling jet. The comparison is fair for both
turbulence models.

In figure 4 we compare exemplarily the experimental shape of the flame shown left,
with that of the CFD calculation shown on the right. The experimental data is obtained from
deconvoluting the average chemiluminescense pictures while the CFD data results from plot-
ting the heat release rate density. While the calculated flames appear slightly too long, it can
be seen that the CFD calculation very nicely reproduces the measured flame geometry. In
particular the change of length due to the swirl is captured very well.

Finally, we show the measured and modelled acoustic power spectra in figure 5. The
model curves result from applying equation (9) using the CFD data for mean heat release rate
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Figure 5: Measured power spectra and calculated spectra from CFD postprocessing

density, the turbulence kinetic energyk and the turbulence dissipation rateε. Considering the
obvious imperfection of the acoustical measurement due to room acoustics, the comparison is
excellent. The magnitude change and the shift of peak frequency between the non swirling and
the swirling flame have been captured as well as the spectral fall off for higher frequencies.
The model explains these changes, since the non swirling flame is longer and therefore has
larger turbulent length and time scales. This shifts the characteristic timescale in equation (8)
to a larger value, i.e. lower peak frequency, and also increasesCs from equation (5), i.e. the
peak amplitude, due to higher Damköhler number.

CONCLUSIONS

The results of this paper show that the model proposed by Hirsch et al. [5] can be directly used
with CFD models to calculate the thermo acoustic source generated by turbulent premixed
flames, if a reasonable mean turbulence and mean reaction rate density is calculated by the
CFD model. In particular the proposed mapping between spatial and temporal spectrum as
well as the magnitude scale function are essential for the excellent comparison with measured
acoustic power spectra. The current results mark the first time that such a calculation resulted
in quantitative agreement without the need to adjust empirical parameters of the noise model.
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[7] F.Kiesewetter, C.Hirsch, J.Fritz, M. Kröner, T. Sattelmayer, ”Two dimensional flashback
simulation in strongly swirling flows”, GT2003-38395, Proc.ASME Turbo Expo, June
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