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Abstract 
The acoustic emission of a generic unconfined turbulent jet flame is studied 
numerically using a hybrid large-eddy simulation / computational aeroacoustics 
(LES/CAA) approach and compared with experimental data. To accurately 
reproduce the turbulent flow field of the experiment, the LES domain includes the 
full experimental burner plenum with its annular gas injection. The broadband 
acoustic spectrum predicted by solving the acoustic perturbation equations whose 
source terms are determined the LES data is in good agreement with the 
experimental measurements. The numerical data will be used to analyze the 
acoustic sources and their near-field characteristics. 
 
Introduction 
Since jet noise and fan noise are reduced through recent technological progress [1], 
combustion noise becomes an increasingly important contributor to the overall 
sound emission of jet aero engines. Furthermore, a deeper understanding of 
combustion noise source mechanisms is required for the development of highly 
efficient low-emission gas turbines, since the lean-premixed regime is prone to 
thermoacoustic instabilities. Such instabilities are characterized by the amplified 
interaction between acoustic pressure and the flame’s unsteady heat release and can 
ultimately lead to the structural failure of the burner assembly. [2] 
Two distinct mechanisms define the generation of combustion noise [1]: Direct 
combustion noise generated in the combustion chamber and indirect combustion 
noise generated due to the acceleration of entropy inhomogeneities, i.e., hot spots 
convected through a nozzle or a turbine stage [3–5]. The spectral shape of direct 
combustion noise from open flames has been studied experimentally [6, 7] with 
respect to fuel, flow parameters, and the burner geometry, numerically [8] and 
empirically [9]. Still, the mechanisms of the sound generation remain unknown and 
further detailed studies on the acoustic source terms are necessary. In classical 
theory, the sound generation is often associated with the flame’s unsteady rate of 
heat release acting as a distribution of monopole sound sources, [10], [11] but there 
is no general justification that this is the dominant sound source independent from 
the gas mixture, flow conditions, or burner geometry. 
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Nawroth et al. [12] have designed a generic experimental setup to fundamentally 
investigate the generation of combustion noise of lean-premixed turbulent flames 
in an unconfined environment. This setup is studied numerically with a hybrid 
LES/CAA approach by solving the acoustic perturbation equations (APE) [13], 
which have been extended [14, 15] for the analysis of combustion noise based on 
LES data. The flow solver and the acoustic solver have been recently used for the 
hydrodynamic and acoustic analysis of laminar [16, 17] and turbulent flames 
[8,18–20]. Previous investigations have shown a sensitivity of the acoustic 
spectrum on the inflow turbulence [19]. It was concluded that an accurate 
numerical prediction of combustion noise requires a detailed numerical 
representation of the experimental domain with well-defined boundary conditions. 
Therefore, to accurately reproduce the experimental inflow turbulence, an LES 
including the full burner plenum was set up. Based on an experimental validation 
of the numerically predicted acoustics, the numerical data can be used to analyze 
the acoustic source mechanisms and their near-field radiation in detail. 
 
Numerical Setup 
The hybrid concept defines the numerical analysis. In the first step, the 
compressible Navier-Stokes equations for a three-dimensional unsteady reacting 
flow are solved by means of large-eddy simulation coupled with a combined G-
equation progress variable approach by Moureau et al. [21] to model the 
combustion process. The flame speed varies with the flame surface curvature [22, 
23]. A modeling approach for the subgrid turbulent flame speed by Pitsch et al. 
[24] is used. For a more detailed description of the combustion solver and the used 
LES model the reader is referred to [8, 18, 25]. The combustion model has been 
shown to satisfactorily capture the dynamics of the flame surface for several 
canonical problems, e.g., flame-vortex interaction [21, 25], Darrieus-Landau 
instability [16], mean heat release rate distribution, and mean turbulent mass 
consumption speed [18]. 
An unstructured Cartesian grid flow solver based on a strictly conservative finite-
volume methodology [25–27] is used for the numerical solution. The convective 
terms are discretized by a second-order accurate modified low-dissipation AUSM 
scheme and the viscous terms are approximated by second-order accurate central 
differences. Time-integration is done by a third-order total-variation diminishing 
(TVD) Runge-Kutta scheme [18]. A conservative cut-cell technique captures 
arbitrary embedded boundaries [28, 29]. 
In the second step, the acoustic field is computed using the acoustic perturbation 
equations by Ewert and Schröder [13]. The left-hand side corresponds to the 
filtered linearized Euler equations extended for a non-uniform mean flow field 
describing acoustic wave propagation into the far field. The right-hand side 
consists of the source terms resulting from the linearization of the governing 
equations of viscous flow and determines the acoustic emission. 



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

The acoustic perturbation equations are discretized in space using a 9-point 6th-
order dispersion-relation preserving summation by parts scheme (SBP-DRP). [30] 
The temporal integration is done by an alternating 5-6 stage low-dispersion low-
dissipation Runge-Kutta scheme (LDDRK) [31]. A radiation boundary condition is 
used on the domain boundaries to avoid reflections [32]. 
 
Burner Configuration 
The experimental setup of the turbulent Bunsen-type burner and the computational 
domain of the LES are shown in figure 1. The experiments are conducted by TU 
Berlin by means of acoustic pressure measurements using condenser microphones 
in an anechoic room, flow diagnostics using particle image velocimetry (PIV), and 
flame diagnostics using an intensified camera for OH* chemiluminescence 
imaging. The burner setup consists of a combined fuel and air injection at the far 
upstream to premix methane and air. For PIV measurements, seeding can be added 
at this location. The combined injection is connected to an annular injection 
manifold, which feeds the mixture into the plenum of constant diameter. A 
converging nozzle follows this segment providing a top hat-like velocity profile at 
the outlet with a diameter d = 0.035m. To achieve high Reynolds numbers at lean 
equivalence ratios, a pilot ring burner encompasses the rig downstream of the 
nozzle. Both main and pilot flames use the same mixture with pure methane as fuel 
instead of natural gas to provide a constant chemical composition of the mixture at 
an equivalence ratio of φ = 0.7. The Reynolds number based on the burner exit 
diameter is Red = 10,000.  
 

Figure 1. Sketch of the burner setup and the computational domain.  

 

 
The computational LES domain consists of 87 million grid points. To accurately 
reproduce the experimental turbulent flow field, the full burner plenum with the 
radial injection of the methane-air mixture is included. Local refinement in the 
burner plenum and the jet region leads to an isotropic cell spacing of 0.0187d. The 
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acoustic source terms are computed in the source region of the LES and 
interpolated on the CAA grid for the subsequent acoustic computation.  
 
Results 
In a previous study [19] the flow statistics of the cold jet was shown to be in good 
agreement with the experimental data and the full plenum computation of the cold 
jet revealed the existence of acoustic modes within the burner plenum. The current 
study extends the analysis from acoustics of the cold flow to the acoustics of the 
reacting flow. In figure 2 the acoustic far-field spectrum obtained by the CAA 
simulation at the microphone position x = 0D; r = 30D is compared with the LES 
pressure spectrum inside the burner plenum. The far-field spectrum shows several 
peaks at the frequencies f = 60Hz, f = 360Hz, and f = 720Hz. Similar peaks are 
also observed in the Fourier transformed LES pressure inside the plenum. It is 
concluded that acoustic modes within the burner plenum excite the flame leading to 
the peaks observed in the far-field spectrum. The experimental results also show 
peaks at f = 360Hz and f = 720Hz, however, there is no distinct mode found at f = 
60Hz. The overall broadband acoustic spectra of the experiment and CAA 
simulation are quantitatively in good agreement. The numerical data will be used 
for a detailed analysis of the acoustic source mechanisms and near-field radiation 
characteristics. 
 
Figure 2. CAA pressure spectrum at x/d=0, r/d=30 (left), LES pressure spectrum in 
burner plenum (right) 
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