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Today, much of the current effort in the field of combustion noise is the development
of efficient numerical tools to calculate the noise radiated by flames. Although unsteady
CFD methods such as LES or DNS can directly provide the acoustic field radiated by
noise sources, this evaluation is limited to small domains due to high computational costs.
Hybrid methods have been developed to overcome this limitation. In these schemes, the
noise sources are decoupled from the radiated sound. The sources are still calculated by
DNS or LES codes whereas the radiated sound is evaluated by acoustic codes.

These two approaches (direct and hybrid) have been widely used to assess combustion
noise radiated by open flames. On the contrary, not significative work has been done for
evaluating noise radiated by confined flames. Moreover, several problems can arise when
attempting to compare direct to hybrid methods results from confined combustors. While
almost a pure acoustic pressure field is obtained from direct computations when considering
an open flame, for confined flames this statement does not hold: hydrodynamic pressure
fluctuations play an important role. In the present paper the assessment of combustion
noise is conducted by both direct (LES) and hybrid computations in a premixed swirled
combustor. A method to extract the acoustic field from the entire pressure field given by
LES is proposed.
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I. Introduction

Large Eddy Simulation (LES) has become an important tool for the simulation and analysis of turbulent
flows. It offers the best promise in the foreseeable future for the estimation of noise from flows at Reynolds
Numbers of interest in both open and closed systems. In aeroacoustics, LES plays an important role in the
study of aerodynamical generated noise of numerous practical cases that range from air jets, high-lift devices
or landing gears in an aircraft to the rear-view mirror of a car or the fan of a wind mill.}»2 Combustion noise
is, on the contrary, less understood than aeroacoustics. This is due to the different physical phenomena
implied such as the addition of unsteady heat release to the already turbulent flow. Still LES has been
successfully applied to partially premixed and non-premixed open flames®* as well as in more complex cases
such as gas turbine combustors.

Computational techniques for the estimation of sound can be classified into two broad categories: direct
computations and indirect, or hybrid, computations. LES is well presented in these two categories. Direct
computations resolve the flow field together with the sound radiation. A compressible LES code is therefore
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required in addition to high-resolution numerical schemes in order to minimize both dispersion and dissi-
pation. Moreover, the computational domain must be large enough to include the sources of noise as well
as part of the acoustic near field.® Very expensive computational costs can arise since hydrodynamic and
acoustic scales differ to a large amount in typical applications where the Mach number is moderate. This
is even more true when dealing with thermoacoustics since the transport equation of each species must be
considered in order to solve the problem of compressible multicomponent reactive flows.

In hybrid approaches, the computation of sound is made at two different levels: 1) model the sources of
noise which requires a proper estimation of the flow and the flame dynamic properties and 2) predict the
far field acoustic radiation due to the different noise sources. Acoustic propagation is calculated based on
equations relevant to acoustic phenomena. The derivation of a wave equation governing sound propagation
in an arbitrary mean flow (and therefore accounting for mean flow-acoustic interactions) remains a difficult
and controversial task in aeroacoustics.”

These theoretical formulations are satisfactory for open systems, i.e. when the acoustic fluctuations
produced by the source propagate to the infinite and anechoic far-field. Moreover, in these cases, it is
relatively easy to distinguish pure acoustics from hydrodynamic pressure fluctuations in the region of interest
(farfield): hydrodynamic pressure fluctuations are negligible in the far field since they typically decay at least
as the inverse third power of the distance to the sources.'® Less is known about aeroacoustics in confined
domains where acoustic and hydrodynamic pressure fluctuations are both present. Interesting developments
have been done to account for turbulence-body interaction'®'” . More recently, Schram used a modified
Curle’s analogy combined with a boundary element method (BEM) for evaluating the acoustic field produced
by a non-compact turbulent source in a confined domain.'®

In the field of combustion noise, it seems that no significative work has been done for evaluating the noise
produced by confined flames. In confined reactive flows, interactions exist between the flame, the turbulent
flow and the walls of the system. Moreover, hydrodynamic pressure fluctuations might be important and
should not be neglected. Consequently, the task of evaluating acoustics from a complete signal of fluctuating
pressure becomes difficult. It has been shown in'? that pressure waves coming from LES are highly disturbed
by turbulence and hence a proper comparison between LES and hybrid simulations sometimes is unachievable.
The general objective of this study is to investigate some methods to decouple hydrodynamics from acoustics
in pressure signals resulting from Large Eddy Simulations of reactive confined flows.

II. Combustion noise through Phillips’ analogy

The first attempt to include inhomogeneities of the mean flow into the acoustic wave operator is due to
Phillips?® who derived the following expression:
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where 7 is function of the logarithm of the pressure 7 = (1/7)In(p/pss). The first term on the RHS
is related to the noise created by turbulence. The second term is the monopole source of noise due to the
unsteady heat release induced by the flame. The third one is linked to the noise produced by molecular
transport whereas the gradient of the viscous tensor appears in the fourth term. Finally, the last term is
known as the non-isomolar combustion source of noise.

In order to simplify this equation, one may consider different realistic assumptions in order to evaluate
the acoustics for low Mach number reactive systems.?! Therefore, it is stated that:

e The pressure level of the oscillations are small compared to the local mean pressure. p’/py < 1.
e The system is nearly isobaric so that pg is nearly constant.

e The mean flow is small so that the convective terms in the equation are negligible.
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As a consequence, the acoustic wave equation for low Mach number reacting flows reads
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where ¢, p, v, 4, v, W represent respectivelly the speed of sound, the pressure, heat capacity ratio,
the heat release rate, the velocity vector and the mixture molar weight. The symbols () and ()’ define
respectivelly mean quantities and fluctuation quantities. As it can be noticed in the left hand side of eq. 2,
the speed of sound c is placed inside the divergence operator. This ensures to capture acoustic fluctuations
with strong variation of the mean temperature as it occurs close to the flame front.

In the combustion case exposed in this paper, the non-isomolar combustion noise does not play an
important role since the reactant mixtures are highly dilluted in nitrogen. Further on, the aerodynamic
source of noise is considered small with respect to the noise source associated with the perturbation of the
heat release rate.?? The inhomogeneous wave equation then reduces to

V- (cgVp')
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Under the harmonic oscillation assumption, in which p/(z,t) = p(x)e~** Eq. 3 becomes
V- BVp+ w?p = —iw(y — 1) inQ
+ Boundary Conditions onI'

where w = 27 f. The quantities p and qA are complex amplitudes which depend on space only.

III. Experimental Configuration

This article describes the evaluation procedure of noise due to the combustion within a swirled premixed
combustor?% 27 (EC2 Combustor) performing both direct and indirect computations. The experimental study
is carried out in the laboratory EM2C (Ecole Centrale Paris). The EC2 combustor consists in two geometrical
identical stages for air-fuel injection, a premixer and a combustion chamber. The flame is controlled by the
Fuel-Air ratio imposed in each of the two stages and stabilized by a swirled premixed. The test rig accounts
for 7 different measurement points of pressure (denoted M1 to M7 in fig.1) placed at equivalent distances
along the combustor.
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Figure 1. Two staged swirled premixed combustor. (Courtesy of Ecole Centrale Paris)

IV. Combustion noise Analysis

AVBP, developed by CERFACS, is the parallel solver used for the LES computations.?? In this study,
the full compressible Navier Stokes equations are solved on hybrid (structured and unstructured) grids with
second order spatial and temporal accuracy. Subgrid stresses are described by the Smagorinksy model. The
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flame/turbulence interactions are modeled by the Thickened Flame (TF) model.?Y The spatial discretization
is based on the finite volume method with a cell-vertex approach, combined to a numerical scheme derived
from the Lax-Wendroff scheme. AVBP has been validated/used for a considerable number of configura-
tions.30-32

In'? the computation of the combustion noise from the EC2 combustor was carried out with two different
grid resolutions: A ’coarse’ mesh of 3 million cells and a ’refined” mesh of 10 million cells. It was found that
both meshes reproduced sufficiently well PIV measurements®® when considering mean quantities. On the
other hand, when RMS values were considered only the refined mesh results agreed well with the experimental
results. Figure 3 shows the axial velocity profiles along the cuts displayed in Fig. 2

17mm

7mm 27mm

Figure 2. Section cuts for velocity profiles
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Figure 3. Velocity Profiles: o Experimental PIV measurements

— — — LES 3 million cells, LES 10 million cells

Reproducing flow dynamics in a proper way (see RMS values for the refined mesh in Fig. 3) does not mean
necessarily a good estimation of combustion noise. Computation of combustion noise is very challenging,
since a good prediction of the rate of change in the flame surface area must be achieved.?* Figure 4 shows the
Sound Pressure Level (SPL) spectrum at microphone 7 (see the location of M7 in Fig. 1) for the computations
with the refined and coarse meshes as well as the experimental measurements.??

It has been observed that in order to correctly evaluate the dynamics of a flame and the acoustics
generated by this one, the resolution of the computation (resolution of the mesh and order of the numerical
scheme) is of significative importance. The gap seen in fig. 4 between experimental results of the acoustic
spectrum and the refined LES is problably due to the lack of resolution of the computation. For this purpose,
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Figure 4. Sound Pressure Level

a computation with 50 million cells is currently being conducted.

Although the estimation of combustion noise through direct computation does not match experimental
measurements, it is still a good exercise of analysis to compare direct computation results to those given
by hybrid methods. For this comparison to take place, it is assumed that pressure fluctuations from LES
contain a negligible amount of hydrodynamics. This comparison is carried out for the 10 million cells mesh
and is independent from experimental data.

Overall good agreement is found between both direct and hybrid approaches, as shown if Figs. 5 and 6
which shows the sound pressure levels obtained for microphones 5, 6 and 7 (see the location of M5, M6 and

M7 in fig. 1) .
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Figure 5. Sound Pressure Levels from the direct and hybrid approaches
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Figure 6. Sound Pressure Levels from the direct and hybrid approaches
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Observing with attention fig. 7?7, it is noticeable that there are some zones of the spectrum in which
an important gap is present between hybrid and direct computations. It is probable, considering the direct
computation, that the fluctuations of pressure coming from LES are composed by both acoustic and hydro-
dynamic contributions. On the other hand, presure fluctuations coming from the hybrid computation are
totally due to acoustics. A suitable comparison is then not carried out, and it becomes important to be able
to extract acoustics from LES computations in order to evaluate in a proper way the results from the hybrid
computation.

V. Filtering a LES pressure field to find the corresponding acoustic field

Velocity fluctuations obtained by LES are composed by both hydrodynamics and acoustics

/ o /
Us LES = Wi hyd T Ui ac (5)

Appling the operator 0/9t to Eq. 5 leads to
au;,LES _ 5“2,hyd 8“2’,110 (6)
ot ot ot

From linear acoustics, the momentum equation is given by

po au;,ac — _ ap::(,c (7)
where []p and [)’ represent respectively the mean and fluctuating flow. Combining this term of eq. 7 into
Eq. 6
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Finally the divergence operator to this equation is applied
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A. Finding 2%:ivd

Neglecting viscosity, species diffusion and heat conduction the Navier-Stokes equations for reacting flows
read

dp Ou; op

ou; Ou; _ Op

oT oT

- g 12
Pep 5y + pepu; 0 q (12)

In the low-Mach number approximation, the thermodynamic pressure Py only depends on temperature.
The equation of state is simply

Ko =pT (13)
Replacing Eq. 13 in the left hand side of the Eq. 12 leads to

0K 0K
0/P+pc ws o/p —§

PCp ot pUj oz, (14)
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The temporal derivative of the density in Eq. 10 is combined with Eq. 14. After some algebra, the
divergence of the velocity can therefore be expressed as:

8Uj 1
bt A ; 15
8$j CpKO 4 ( )

This velocity field is supposed to be composed only by hydrodynamics, due to the fact that in the low
Mach number model the acoustic wave length is infinitely long. One can state that the divergence of the

fluctuating velocity is

o', 1
J,hyd ./
—_phyd 16

89;7 cpKoq ( )

B. Finding the Acoustic Pressure

Injecting Eq. 16 into Eq. 9 leads to

0 (181?&0) _9 (au;,LES - { ) (17)
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or in the frequency domain
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Finally, multiplying everywhere by ~FP,
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It has been found by the author that the contribution of 72 can be neglected. Aas a consequence, one can
Uhy,

state that for a reactive flow the divergence of the hydrodynamic velocity field ( =5:%*) can be considered

zero as typically done for non-reactive flows. Equation 19 simplifies '

8 2613(1(5 . aﬁi,LES
e () = .

VI. LES Vs Hybrid Results

f(ﬁac) =

Figures 7 and 8 shows the Sound Pressure Level (SPL) given by the solution of Eq. 20 (LES ‘Filtered’)
and the hybrid computation for microphones 5, 6 and 7.
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Figure 7. Sound Pressure Levels from the direct and hybrid approaches

After extracting the acoustic field from the complete pressure fluctuation field, it is seen that results match
pretty well with the values predicted by the hybrid method, especially for microphones 6 and 7. There is a
high contain of hydrodynamic fluctuations at low frequencies (before 400 Hz) that has been removed. Also
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Figure 8. Sound Pressure Levels from the direct and hybrid approaches

the local minimum around 1500 Hz shown in the SPL spectrum for microphone 6 is well recovered after
extracting acoustics from LES. The acoustic signal corresponding for microphone 5 present on the contrary,
important differences with respect to the one computed by the hybrid approach. The local minima around
1000 Hz corresponding to the hybrid method is recover at a lower frequency (around 750 Hz).

Note that some caution must be taken when computing the Fourier transform of the divergence of
the velocity (See T1 Eq. 19). If a rectangular window is applied to the temporal signal, a really good
correspondance is seen only for frequencies lower than 400 Hz. On the other hand, if a gaussian window is
applied, a good filtering is seen over the entire frequency band, except at a very low frequencies. This is the
case for the spectra shown (Figs. 7 and 8) where the signal does not capture the good acoustic level before
200 Hz.

VII. Conclusions

It has been shown that when aiming to compute combustion noise in confined domains by a direct
method (LES in this case), the pressure field obtained contains both acoustics and hydrodynamics. More-
over, hydrodynamics was proved to be strong at low frequencies and hence, using a LES pressure field to
estimate combustion noise is not enough: extracting acoustics from the complete pressure field is essential.
In this paper, a procedure to separate acoustic from hydrodynamics has been proposed. A validation of this
procedure is made by comparing the resulting signal to combustion noise predicted by a Hybrid method.
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