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Abstract
This article presents computational methods of a hybrid
aeroacoustic workflow based on three steps: flow sim-
ulation, source term computation, and acoustic simula-
tion. The workflow combines computational fluid dy-
namics (CFD) and computational aeroacoustics (CAA)
to simulate complex flow fields and predict noise genera-
tion in various engineering applications. In the first step,
the flow simulation is performed using CFD to obtain the
flow field variables such as velocity, pressure, and turbu-
lence. In the second step, the source term computation is
carried out to determine the acoustic sources generated
by the flow field. Finally, in the third step, the acoustic
simulation is conducted to predict the noise generated
by the sources. The workflow is validated by applying
it to a confined flow test case and comparing the results
with experimental data. Thereby, also the vibroacoustic
radiation of the confining structure is predicted by con-
sidering the hydrodynamic and acoustic excitation of the
flow confining structure. df

Theory
The presented workflow is based on the aeroacoustic the-
ory of the perturbed convective wave equation (PCWE)
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Inside the flow domain, the incompressible Navier-Stokes
equations are solved using an incombressible large eddy
simulatoin (LES). The resulting flow field’s pressure pic

and mean velocity v are used to compute the source
term of the PCWE, which models the acoustic field with
va = −∇ψa inside the flow domain (e.g., inside a pipe).
The material derivative of the wave equation is defined
by D

Dt = ∂
∂t + v · ∇. In the external acoustic domain,

a homogeneous version of the wave equation (no right-
hand side) without mean flow convection is solved. The
aeroacoustic field inside the pipe is transmitting sound
through the pipe structure. This structure is solved by
the mechanical balance of momentum

∂2ρu

∂t2
−∇ · [σ] = 0 (2)

with linear stress-strain relationship (Hook’s law) [σ] =
[C] : [s]. The mechanical velocity and the acoustic par-
ticle velocity are coupled by the kinematic condition

∇ψa · n = −va · n = −∂u
∂t

· n (3)

and the acoustic pressure force is related to the mechan-
ical stress vector by the dynamic condition

ρ0
Dψa

Dt
n = pa n = −[σ] · n . (4)

Computational Workflow
Using a hybrid aeroacoustic workflow, which models a
one-way coupling of the fluid-energy and the (vibro)-
acoustic field, can predict the acoustic field. A validated
computation of the flow and acoustics involves the follow-
ing procedure [1] (see Fig. 1). A reliable flow grid is estab-
lished starting from a valid geometry variant. Verifying
the mesh for the CFD simulation is crucial for the accu-
racy of the subsequent steps. This verification includes
a validation of the turbulence modeling and a structured
grid convergence study. It is significant to validate global
and unsteady local flow results. The unsteady local quan-
tities connected to the aeroacoustic source term of the
wave equation are essential and must be evaluated for
convergence [2]. The source term is usually based on dif-
ferent flow variables depending on the formulation. In the
case of the perturbed convective wave equation (PCWE),
the incompressible flow pressure is of interest.

The next steps are the source term calculation in
openCFS-Data [3] and the acoustic simulation using
openCFS [4]. The sources are computed, involving spa-
tial [5] and temporal derivatives, and transformed while
conserving the energy to the acoustic mesh [6]. After
verifying the sources and the verification of the acous-
tic mesh by a transfer function analysis [7], the coupled
vibro-acoustic computation can be carried out. Final val-
idation of the overall workflow can be achieved with the
acoustic simulation results. Details on the simulation
setup of these steps can be found inside the following ar-
ticle, with focus on a detailed description [8] and in what
follows.
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Figure 1: Alternative workflow visualization.

Application
The presented workflow is applied to a fully developed
turbulent airflow with bulk inflow velocity U = 20.8 m

s

DAGA 2023 Hamburg

31



(Ma=0.06), passing through a diverging and re-merging
branch pipe (see Fig. 2).

Figure 2: Experimental setup.

The inner diameter is D = 50mm, the wall thickness
of the branch pipe is 2mm. For the CFD domain, the
inlet and outlet section of a length of Lin = 4.2D and
Lout = 10.3D is considered, respectively. In the valida-
tion experiment, the internal wall pressure is captured by
pressure transducers (Kulite XCS-093) at selected posi-
tions P1 and P2 (see Fig. 3). More information on the
experimental setup can be found in [9].

Figure 3: Schematic of the setup.

The fluid density ρ0 = 1.176 kg
m3 , the dynamic viscosity

µ0 = 18.3µPa s, and the speed of sound c0 = 345.2 m
s

are chosen as the material parameters required for the
simulations. The plastic mounts at both ends of the pipe
are considered in the simulation, where the bottom sur-
face is assumed to be fixed according to the experimen-
tal setup. The material parameters (Young’s modulus E,
Poisson ratio ν, and density ρ) of the 3D-printed branch
and mounts are listed in Tab. 1. The mass-proportional
damping coefficient αR and stiffness-proportional damp-
ing coefficient βR for Rayleigh damping of the structure
are fitted for the damping ratio (of selected structural
modes) obtained from experimental modal analysis in the
range of 0 to 5 kHz.

The incompressible Navier-Stokes equations are solved
using LES in AVL FIRETM based on the FV method.
At the inlet face, a turbulent fluctuating velocity dis-
tribution was prescribed, which was generated in a pre-
cursor LES, considering fully developed, axially periodic,

Table 1: Structural mechanical material parameters
(Young’s modulus E, Poisson ratio ν, and density ρ).

Part E (MPa) ν ρ ( kg
m3 ) αR βR

Branch pipe 2 000 0.43 900 777 1.387e-5
Mounts 2 200 0.40 840 777 1.387e-5

turbulent flow through a 5D long pipe [10]. At the out-
flow boundary, an averaged pressure boundary condition
(BC) was used. The computational grid of the 25D long
domain consisted of about 8.14 million FV cells. The
time step was set to 10µs, and the simulation time was
0.62 s where convergence was reached, while additional
0.2 s were simulated for the export of the source terms.
More information about the simulation setup is provided
in [10], where a LES of a similar flow configuration was
carried out and validated. These predicted source terms
were further interpolated onto the CA mesh for the sub-
sequent propagation simulation and the mean value was
removed in a filtering process.

The propagation simulations are carried out by the mul-
tiphysics solver openCFS, applying the FE method [4].
A time step size of ∆t = 10µs was chosen, and a zero ini-
tial condition was used. The simulation time was 0.2 s,
corresponding to the export time of the CFD simulation.
At the first 80 time steps, a temporal blending function
was used to smoothly activate the acoustic sources to
avoid impulsive excitation. In Fig. 4 a detail of the mul-
tiphysics mesh are displayed.

Figure 4: FE mesh for the coupled simulation.

The FE-mesh is displayed in Fig. 4 and consists of the
internal aeroacoustic domain (gray) including the aeroa-
coustic sources and the structural mechanical domains
of the mounts (red) and the branch pipe (green). The
external propagation domain includes the transition of
the tetrahedral mesh (turquoise) to the hexahedral mesh
(blue) via a non-conforming interface based on Nitsche-
type mortaring [3]. Adjacent Perfectly Matched Layer
(PML) regions (yellow) at the inlet, outlet and the prop-
agation domain avoid reflections at the open boundaries.
The boundary condition at the bottom surfaces of the
mounts is fitted to the experimental modal analysis. The
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total number of elements sums up to approximately 1.2
million. The maximum element size in the fluid domain
is 5mm, resolving acoustic waves up to fmax = 7kHz by
at least ten finite elements. Linear elements are used for
the aeroacoustic domain, while quadratic FE basis func-
tions are applied to the structural mechanical domain.

For the acoustical-structural coupling a strong coupling
is realized by fulfilling the kinematic and dynamic conti-
nuity conditions (3) and (4). In contrast, weak coupling
(no back-coupling) from the incompressible flow to the
structure is considered. This is realized by prescribing
the incompressible (hydrodynamic) pressure obtained by
the LES at the interface between flow and strucuture
(pic instead pa in (4)). Thus, two coupled propagation
simulations are carried out. The strongly coupled simula-
tion considers the acoustic excitation by the flow and the
forward-coupled simulation captures the hydrodynamic
excitation, which does not involve the internal flow do-
main.

Results
With the given setup, the following results are obtained.
In Fig. 5, the power spectral density at the upstream
stagnation point is shown. The pressure sensor signal
serves as a reference up to a frequency of about 2 kHz.
Above this frequency, the sensor operates in its resolu-
tion limits. The incompressible flow pressure depicts the
broadband pressure trend accurately. The acoustic pres-
sure results of the PCWE are significantly lower for fre-
quencies below 2 kHz. However, from about 2 kHz on, re-
curring modes are visible in the PCWE results. Combin-
ing the simulation of the incompressible flow excitation
and the aeroacoustic excitation to the full vibro-acoustic
simulation, the results replicate the peaks visible in the
pressure sensor spectrum. To determine the impact of
the structural coupling on the internal acoustic field, also
a non-coupled simulation was performed with a classic
sound-hard boundary condition at the wall (red). Com-
parison with the strongly coupled result (green) reveals
that the coupling significantly mitigates acoustic energy
of certain acoustic eigenmodes at higher frequencies due
to the structural damping. Similar tendencies as for the
validation using the induct pressure sensor can be ob-
served from the microphone positions outside the pipe
branch (see Fig. 6). Now, the sensor resolution does not
limit the experimental validation. Interestingly, the res-
olution of the acoustic field (using the PCWE) inside the
duct geometry is key to resolve the broadband and the
tonal noise characteristics. The results of the coupled
simulation are in excellent agreement with the measure-
ments.

The tonal components visible in the microphone mea-
surements are resulting from acoustic standing wave
modes inside the duct (loop). Exemplarily, the modes
at 1665 Hz and 4135 Hz are illustrated in Fig. 7. Fig-
ure 8 shows a snapshot of an animated Fourier mode of
the mechanical and acoustical field results at 6740 Hz.

Figure 5: Power spectral density at the upstream stagnation
point.

Figure 6: Spectrum of the SPL at a mic. 2.

Figure 7: Acoustic modes at 1665 Hz (top) and 4135 Hz
(bottom).
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Figure 8: Fourier transformed field results at f = 6740Hz of
the coupled simulation for acoustic excitation.

Conclusion
In conclusion, the hybrid aeroacoustic workflow pre-
sented in this paper offers an efficient and accurate
method for predicting noise generation in engineering ap-
plications. By combining the strengths of CFD and CAA,
the workflow enables accurate simulation of complex flow
fields and acoustic sources, while also reducing computa-
tional costs. The three-step workflow has been validated
using various test cases in the past and demonstrated
its effectiveness in predicting noise generation. The pro-
posed workflow has several potential applications in engi-
neering, including aircraft and vehicle design. The accu-
rate prediction of noise generation using computational
methods is critical for developing effective noise mitiga-
tion strategies to reduce the impact of noise pollution on
human health and the environment.
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Kaltenbacher. Error detection and filtering of in-
compressible flow simulations for aeroacoustic pre-
dictions of human voice. The Journal of the Acous-
tical Society of America, 152(3):1425–1436, 2022.

[3] Stefan Schoder and Klaus Roppert. opencfs-
data: Data pre-post-processing tool for opencfs–
aeroacoustics source filters. arXiv preprint
arXiv:2302.03637, 2023.

[4] Stefan Schoder and Klaus Roppert. opencfs: Open
source finite element software for coupled field sim-
ulation – part acoustics, 2022. doi:10.48550/ARX

IV.2207.04443.

[5] Stefan Schoder, Klaus Roppert, Michael Weitz,
Clemens Junger, and Manfred Kaltenbacher. Aeroa-
coustic source term computation based on radial ba-
sis functions. International journal for numerical
methods in engineering, 121(9):2051–2067, 2020.

[6] Stefan Schoder, Andreas Wurzinger, Clemens
Junger, Michael Weitz, Clemens Freidhager, Klaus
Roppert, and Manfred Kaltenbacher. Application
limits of conservative source interpolation methods
using a low mach number hybrid aeroacoustic work-
flow. Journal of Theoretical and Computational
Acoustics, 29(01):2050032, 2021.

[7] Florian Kraxberger, Eric Kurz, Werner Weselak,
Gernot Kubin, Manfred Kaltenbacher, and Stefan
Schoder. A validated finite element model for room
acoustic treatments with edge absorbers. arXiv
preprint arXiv:2302.07527, 2023.

[8] Stefan Schoder. Implementation of an aeroacous-
tic simulation pipeline using opencfs-acoustics and
opencfs-data applied to human phonation. arXiv
preprint arXiv:2302.13290, 2023.

[9] Paul Maurerlehner, Stefan Schoder, Sebastian Floss,
Johannes Tieber, Helfried Steiner, Günter Brenn,
and Manfred Kaltenbacher. Validation setup for
the investigation of aeroacoustic and vibroacous-
tic sound emission of confined turbulent flows.
In INTER-NOISE and NOISE-CON Congress and
Conference Proceedings, pages 519–525. Institute of
Noise Control Engineering, 2021.

[10] Johannes Tieber, Helfried Steiner, Paul Maur-
erlehner, Stefan Schoder, Manfred Kaltenbacher,
and Günter Brenn. Aeroacoustic sources in turbu-
lent flow through a 90° pipe bend predicted by large-
eddy simulation. In DAGA 2022-48. Jahrestagung
für Akustik, pages 1230–1233, 2022.

DAGA 2023 Hamburg

34


