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Combustion noise is an area of increasing research as its relative contribution to noise
from aviation gas turbine engines has grown in recent years. One of the current difficulties
in studying this phenomenon is the lack of appropriate validation cases for investigating
core noise behavior. This study focuses on an experimental setup consisting of a dualswirl combustion chamber with a converging-diverging nozzle attached to its exhaust.
By combining the in-chamber sources of direct noise and flow inhomogeneities and the
acceleration and structure distortion of the nozzling process within a single laboratoryscale apparatus, this configuration represents a valuable test case for probing the physics
behind both direct and indirect combustion noise. The case is simulated using compressible large-eddy simulations (LES). Dynamic mode decomposition (DMD) modal analysis
of the numerical results is used to distinguish broadband turbulence effects from more
coherent behaviors, offering insight into the underlying physics driving the combustor’s
dynamics and providing a more detailed explanation of several effects identified in the
experimental data. Finally, the numerical results from the simulation are then used to
generate a core noise database that will be applied to future studies of core noise physics.

1. Introduction
Combustion acoustics and core noise within aero-engines have emerged as an area of
growing research for two primary reasons (Ihme 2017; Dowling & Mahmoudi 2015): first,
engineering successes in reducing the noise produced by other engine components (such
as the fan and jet) have drastically increased the relative importance of combustion noise
as a contributor to the total noise emission of modern engines; second, the implementation of low-emission, lean-burn combustion concepts requires the reliable prediction and
mitigation of combustion instabilities, since this regime is particularly prone to exhibiting strong thermoacoustic oscillations that can lead to early fatigue or, in extreme cases,
complete destruction of an engine.
Combustion acoustics sources can be divided into direct combustion noise, the acoustic
fluctuations emitted directly from the reaction zone due to unsteady heat release, and
indirect combustion noise, the sound generated by the acceleration and distortion of flow
inhomogeneities (in entropy, vorticity and/or gas composition (Magri et al. 2016)) as
they exit the combustion chamber and pass through the engine flowpath.
In this context, high-fidelity simulations of combustion systems can play an important role in improving our understanding of combustion noise by enabling the detailed
investigation and assessment of different noise sources. However, these confined flame
simulations are still quite challenging in part due to a lack of sufficient experimental test
cases for validation. Previous high-fidelity simulations of a laboratory scale premixed
combustor were conducted at CERFACS/EM2C (Lapeyre et al. 2016; Kings et al. 2016)
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and of an aero-engine-like model combustor at CERFACS/DLR Stuttgart (Grimm et al.
2016; Kraus et al. 2016). Other research in this area has focused on the simulation of
an annular helicopter engine combustor that is compared to full-scale experimental data
(Livebardon et al. 2015). Focusing on the generation of indirect noise, Papadogiannis
et al. (2016) investigated numerically the noise generation by entropy waves in a turbine
stage. O’Brien and co-authors have examined the impact of core noise on the farfield
acoustics of a combustor-turbine-jet system (O’Brien et al. 2016).
The present work focuses on numerical and experimental analysis of the acoustic field
generated within a model combustor. Specifically, the geometry of interest combines an
aero-engine model combustor (similar to the one used in Grimm et al. (2016); Kraus
et al. (2016) and studied numerically by See & Ihme (2015)) with a choked nozzle at
the combustion chamber outlet. This combustor-and-nozzle configuration is a valuable
test case for core noise study because it allows for the coupled investigation of both inchamber effects (i.e., the generation of direct noise and flow inhomogeneities that lead to
indirect noise) and downstream effects (the propagation and amplification of direct noise
and the distortion of flow structures that result in indirect noise) without unnecessary
complexity. The presence of the choked nozzle and standing shock also facilitate the
development of clean acoustic boundary conditions and enable decoupled study of the
combustion chamber system and the nozzle-diffusor acoustics. Previous work on this
configuration was reported in Bake et al. (2009a,b).
This work focuses on the combustion chamber dynamics, although additional work
on the downstream acoustics is under way. A comparison between the hydrodynamic
and acoustic behavior of the experiment and corresponding simulation is presented to
validate and improve the understanding of the rig’s underlying physics. Additionally, the
numerical simulation is used to generate a database of core noise results that will inform
future work seeking to isolate the impact of different physical conditions on core noise.

2. Experimental setup
The DLR combustor setup (Kleinbrennkammer KBK) was designed to feature a flowfield and reaction zone representative of an aircraft engine’s combustor. The air flow is
driven through a dual-swirl nozzle that produces a swirling inner airflow and a concentrically swirling annular outer airflow. The device has a thermal power of 20 kW and is
operated at equivalence ratio 0.9. Positioned between the two swirlers are 72 circularly
arranged capillary channels that inject methane gas into the chamber. The high degree
of swirling flow and inner and outer shear layers allow the KBK’s combustion zone to
nearly resemble the conditions found in full-scale liquid fuel aero-engines. The flame is
contained within a cylindrical combustion chamber with a diameter of 100 mm and a
height of 113 mm. The chamber walls can be switched between stainless steel or quartz
glass depending on the instrumentation applied. Downstream of the combustion chamber, the flow is strongly accelerated through a converging-diverging nozzle structure with
a throat diameter of 7.5 mm which chokes the flow. Downstream of the nozzle lies an
exhaust duct 1 m in length and 100 mm in diameter, which contains various acoustic
probes positioned for the analysis of the acoustic sound field emitted by the combustion
system. An isometric view and a sketch of the KBK test facility are shown in Figure 1.
For acoustic pressure measurements the combustion chamber and the exhaust duct
were equipped with specially designed hot gas microphone probes. A detailed description
of the pressure probing strategy can be found in Knobloch et al. (2011), Pardowitz et al.
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Figure 1. Isometric view (left) and sketch (right) of the KBK geometry, including a picture of
the combustor test facility.

(2014), and Lahiri et al. (2013). The flow field in the combustion chamber was acquired
through application of particle image velocimetry (PIV) using the quartz glass combustion chamber. As part of the PIV procedure, the air flow was seeded with small particles
(diameter less than 1 µm) of Al2 O3 . The requisite laser light sheet was generated by a
pulse laser (Quanta Systems HYL 102 Nd-YAG), and the images were collected using
a CCD camera (Sensicam PCO1600). In order to determine the zone of heat release,
the chemiluminescence of OH* radicals was recorded with an intensified CCD camera
(ICCD). This line-of-sight integrated data was then post-processed by applying the inverse Abel transform under the assumption of axisymmetry. For the test case investigated
within this work the combustor was operated at a thermal power of 20 kW with an equivalence ratio of 0.91 and an outlet nozzle Mach number of 1.0.

3. Numerical setup
The experimental setup was simulated using the fully compressible, reacting flow solver
CharLES developed at Cascade Technologies, Inc., which includes novel grid-generation
methods. The code is designed to operate only on meshes corresponding to an approximate Voronoi diagram of the computational domain. There are two primary benefits
to the Voronoi requirement. First, it greatly simplifies the mesh generation process as
meshes can now be created by applying a relaxation procedure to randomly seeded points
rather than requiring the careful generation of block-structured hexagonal meshes previously needed to ensure solution quality. Second, the Voronoi properties of the grid allow
for more compact spatial operators, which in turn provide greater speed (due to simpler
flux interpolation) and stability (due to smaller stencil size) at the same order of accuracy
as previous versions of the code.
For computational tractability, the experimental domain was truncated at the upstream edge of the plenum section, where a jet of cold air is expanded into the full
diameter of the combustor. The area ratio at the plenum inlet was ≈ 0.08 but the flow
remained unchoked at the inflow boundary, rendering it challenging to characterize the
acoustic impedance of the nozzle inflow. A characteristic but reflecting inflow boundary
condition was chosen for both the fuel and mass flow boundaries, prescribing a constant
inflow temperature of 300 K and the mass flow rates of 1.44 and 27.23 kg/h, respectively,
while allowing the inlet pressure to vary based on the interior solution. The effects of
this boundary choice are discussed in Section 4.2. The downstream end of the domain
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Figure 2. Outline of the computational domain used in the combustor simulation. Inset shows
a small region of the grid to demonstrate the Voronoi cells in cross section. The second inset
shows a truncated octahedron, the unit element of the Voronoi mesh.

Figure 3. Comparison of the numerically predicted (a) radial and (b) axial velocity fields.
Broken vertical lines separate PIV data taken from the experiment (left half of the plane) from
the time-averaged numerical result (right half of the plane). Broken horizontal lines indicate
probe locations for velocity comparison.

was truncated 450 mm from the nozzle edge, a distance sufficient for the exhaust jet to
reach a homogeneous state, but not long enough to capture all possible harmonic modes
corresponding to the full diffusor section. This simplification did not strongly affect on
the acoustic behavior of the system, as no appreciable harmonic modes were detected either experimentally or numerically. The computational mesh consisted of approximately
22 million 14-sided elements, with a global length scale of 2 mm resolved throughout the
domain and refinement concentrated inside the combustor to support flame structures
down to length scales of 0.5 mm. The simulation domain and mesh are shown in Figure 2.
Combustion was modeled using the flamelet-progress variable approach (FPVA). A
lookup table was generated based on strained methane-air flamelets, which returned the
reaction progress rate as a function of mixture composition and provided a closure for the
equation of state. A constant timestep of 90 ns was chosen, corresponding to a maximum
local CFL number of less than unity, providing ample margin below the Runge-Kutta
stability boundary of 1.4. The calculation was started from a cold, nearly stagnant pure
air state, and the flame was ignited by injecting a negligible quantity of progress variable
at the fuel inflow boundary for a short time to allow the reaction to take hold. The
calculation was run for 120 ms until probe data indicated the flow had reached a steady
state, and statistics were then collected for 100 ms, corresponding to two flow through
times (excluding the diffusor) or 12.5 cycles of the lowest-frequency acoustic mode.

4. Numerical results
4.1. Velocity field
Once the calculation had reached steady state, the full solution was recorded along two
axial planes oriented 90◦ from each other. For validation, the mean velocity field was eval-
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Figure 4. Comparison of the radial profiles of radial velocity at different y locations. Solid
lines indicate PIV data and broken lines represent the time-averaged numerical result.
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Figure 5. Comparison of the radial profiles of axial velocity at different y locations. Solid
lines indicate PIV data and broken lines represent the time-averaged numerical result.

uated and compared against experimental PIV data. Figure 3 shows a comparison of the
full combustion chamber; Figures 4 and 5 provide a more quantitative comparison of radial profiles at different axial locations. It can be seen that the qualitative features of the
flow, including a strong inner recirculation zone and an annular outer recirculation zone,
are well captured by the simulation. These findings are consistent with previous studies
performed on this geometry (Stöhr et al. 2009); it appears that the time-averaged flame
structure is largely unchanged by the presence of the nozzle. Quantitatively, there are
some discrepancies between the experimental and numerical results, including an underprediction of the initial shear layer intensity and substantial differences downstream of
the flame region (y > 140 mm). While some of these differences may be attributable to
modeling errors or poor spatial resolution in the simulation, the geometry of the combustor posed several experimental challenges that may have contributed to this difference.
Optical access was compromised in the early shear layer due to the presence of the burner
plate and strong reflections due to the annular glass chamber, which created blind spots
at certain radial locations. Downstream of the flame, the weak and at times jagged experimental velocity field is likely caused by a combination of these known reflection issues
as well as insufficient sampling possibly due to the consumption of tracer particles by
the flame. With these caveats in mind, it is believed that the numerical prediction of the
flow field is of appropriate quality for the purposes of investigating combustion acoustics.
4.2. Acoustic results
Next, the pressure data generated by the simulation are compared against experiment.
For appropriate comparison, the experimental data are compared against four azimuthally
distributed numerical point probes, each at a distance of 2 mm from the outer wall and
5 mm above the burner plate, corresponding closely to the location of wall-mounted
pressure probes in the experiment. It should be noted that each sample of the experimental data was collected over a timescale greater than 1 minute (7500 cycles of the
lowest-frequency mode) while that of the numerical data, due to high computational cost,
is collected over roughly 100 ms (12.5 low-frequency cycles), so the degree of statistical
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Figure 6. Acoustic spectra measured inside the combustion chamber: the thick line represents
experimental measurements and the thin line shows the time-averaged numerical result.

convergence and spectral sharpness will differ. The numerical prediction of 165 dB for the
OASPL inside the chamber of is quite comparable to the experimental value of 163 dB.
The low-frequency spectra are compared in Figure 6. The fundamental and second harmonic modes are recovered at amplitudes within a few dB of the experimental values and
the frequency predictions are quite exact, lying within the spectral resolution of the simulation (±10 Hz). This match in frequency extends to the moderate-frequency spectrum,
where a spectrally broad structure centered at 3650 Hz and a trident-shaped structure
with peaks at 4696, 4818, and 4940 Hz are matched to within the spectral resolution of
the simulation. These matches in frequency behavior serve to further validate the flow
prediction, since they require a high-quality representation of the sound speed field.
In spite of these successes, the first and third harmonics are not discernible in the
numerical probe data. It is possible that these modes are merely under-predicted and
fail to emerge from the background noise due to insufficient sampling time. Still, it is
believed more probable that these modes correspond to low wavelength oscillations (in
fact, harmonics of the 125 Hz Helmholtz mode) whose mode shapes potentially extend
upstream of the plenum and thus cannot be resolved on the current computational domain without more sophisticated inflow boundary conditions. The over-prediction of the
broadband acoustic pressure field is likely attributable to a combination of three sources:
1) inadequate characterization of the boundary impedance, leading to artificial reflection;
2) under-resolution and smearing of the shock structure; and 3) numerical errors arising
from several factors, including the combustion model and representation of subgrid turbulence. Point 1 describes one of the major challenges of these types of simulations: since
viscous effects are an extremely weak source of acoustic dissipation, incorrect boundary
impedances and the corresponding inability to convect sufficient acoustic energy out of
the domain can lead to a pileup of acoustic energy and artificially elevated noise levels.
4.3. Modal analysis
Given the limited temporal span of the data and corresponding challenges of windowing
to achieve statistical convergence, modal analysis of the full combustor pressure field was
performed to maximize the information available from the combustor run. Specifically,
DMD was employed to identify frequency-local features within the flow. This modal technique offers the potential for better convergence (or at least more robustness than simple
point measurements) since it incorporates substantially more spatial data; in this case
360,000 point measurements are utilized compared with four acoustic probes representing
the microphone measurements. The DMD procedure was based on the sparsity-promoting
tool published by Jovanovic et al. (2014) and further details on the general DMD pro-
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Figure 7. Mode shapes from DMD analysis of the pressure field. Each set of figures represents
a single mode shape, with cuts taken along the {(+x, y), (+z, y), (−x, y), and (−z, y)} planes.
Set (a) represents the Helmholtz mode of the combustor, occurring at a frequency near 127 Hz.
Set (b) demonstrates a (potentially spurious) standing mode inside the plenum, occurring near
1500 Hz. Set (c) shows an axial mode inside the combustion chamber, occurring at 3500 Hz. Set
(d) shows one of the spinning modes of the combustor, occurring around 4800 Hz.
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Figure 8. Growth rates of DMD modes. The dashed line indicates the stability boundary, such
that modes lying above this line are (linearly) unstable and modes lying below the line are
decaying in time. Only the unstable and least-stable modes are shown in the figure; additional
modes lying farther below the horizontal axis are not shown.

cedure can be found in Schmid (2010). Figure 7 shows the modal structure of some of
the most physically relevant modes detected inside the chamber, and Figure 8 shows the
growth rates associated with the least stable modes detected by the DMD procedure.
The modal analysis reveals several key features of the flow. The lowest-frequency mode
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(128 Hz in the simulation, 132 Hz in the experiment) is a Helmholtz mode of the system,
representing a monopole-like pulsation of the full combustor and plenum geometry. The
growth rate data indicate that this is the most unstable mode in the system, confirming
why it dominates the acoustic spectra in both the experiment and the simulation. Again,
the first harmonic of this mode is not of appreciable magnitude; this suggests that it
is likely insufficient support in the upstream domain or poor characterization of inflow
impedance, rather than numerical error or broadband noise, that renders this mode elusive. At higher frequency, the next prominent coherent structures are clustered around
1500 Hz (with the primary mode shown), representing a standing wave inside the plenum.
While the mode shape extends slightly downstream of the plenum into the inner recirculation zone and swirler, it is of low amplitude inside the bulk of the combustion chamber
and does not appear in the probe data, indicating that there exists some acoustic separation between the plenum and chamber, and that the impact of the inflow boundary
does not have a strong effect on the combustor acoustics. At higher frequency, an axial
mode at approximately 3600 Hz can be seen inside the chamber, with peaks occurring
near the burner plate and the nozzle throat. The physicality of this mode is confirmed by
the experimental data, as pressure taps near the burner identify a strong feature at this
frequency, whereas probes located farther downstream (at approximately y = 55 mm)
hardly detect this feature at all, since they are positioned close to the nodal line. This
lends confidence to the quality of the acoustic prediction within the chamber. Last, a
spinning structure is detected at approximately 4818 Hz with two lesser peaks clustered
nearby at 4696 and 4940 Hz. The coupling that produces this feature is likely to produce
low-frequency beats depending on whether all three mode shapes are standing or spinning; a further study of this effect is required to fully model this mode. Collectively, the
modal data serve to provide insight into the physics behind the observed acoustic spectra
and lend confidence to the quality of the numerically predicted chamber acoustics.

5. Development of an acoustic database and future applications
Turning from the in-chamber pressure dynamics to the downstream acoustics, the goal
of this work is to develop an acoustic database that can be used for future core noise
simulations. This was achieved by sampling the full thermodynamic and hydrodynamic
state of the combustor system along the plane y = 180 mm, a location which lies downstream of the reaction zone but upstream of any appreciable flow distortion caused by
the acceleration through the converging-diverging nozzle. As such, the flow state in this
plane is an ideal candidate for use as an initial condition for a planned second series of
LES calculations focused on the problem of indirect core noise. By collecting the pressure field, which represents the direct noise, as well as convected flow structures that can
serve as sources of indirect noise, a database of perturbations can be constructed that
can mimic the acoustic impact of running the full combustor and nozzle geometry. Then,
using a sponge-based relaxation procedure, the fluctuations can be imposed at the nozzle inflow and allowed to develop into downstream noise as the structures pass through
the converging-diverging nozzle. Theoretically, imposing the full library of perturbations
should produce a downstream acoustic signature nearly identical to the original coupled calculation. However, by manipulating the imposed signal, for example, imposing
only fluctuations in entropy at the nozzle inflow while holding other fields to their timeaveraged value, the impact of a single perturbation type on indirect noise can be probed
at much higher fidelity than low-order modeling techniques can currently provide. The
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Figure 9. Fluctuation library. Vertical columns show results for temperature (left), composition
(center), and velocity (right). Horizontal rows indicate the time and azimuthally averaged fields
(top), first POD mode of the temporal field (center), and frequency spectra of the projection of
this mode onto the library, normalized by the amplitude of the maximum frequency (bottom).

method also allows second-order effects, such as the spatial structure of imposed perturbations, to be studied in a controlled environment in a way that is not easily realized
experimentally. Figure 9 shows the mean flow field and spatial and temporal structure
of entropy, axial velocity, and compositional fluctuations captured by the library.

6. Conclusion
In summary, a laboratory-scale test rig consisting of a dual-swirl combustor and transonic nozzle is investigated both experimentally and numerically. Hydrodynamic and
acoustic predictions are compared against experimental measurements, and the numerical results are found to represent the chamber behavior with reasonable fidelity. Modal
analysis of the combustor acoustics is performed and offers insight into the physics driving the combustion dynamics. Last, a fluctuation database, useful for further studies of
core noise, is assembled and will be applied to future LES of the geometry.
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