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Introduction

Sound radiation of technical relevant flows is very often
composed of flow and structural noise. Considering tech-
nical applications such as cars or planes, as well as cooling
devices like fans, flow noise origins from turbulent flow
fields, whereas structural noise is generated by oscillating
structures. The present work deals with the aeroacou-
stic sound radiated by a forward–backward facing step
in combination with a flexible wall behind the step. Pre-
vious numerical and experimental investigations for such
a case can be found in Schäfer et al.[1]. In the actual
work, a numerical flow computation with coupled aeroa-
coustic and vibroacoustic simulation was carried out. The
structural deformations of the oscillating platelike struc-
ture in the wake of the forward–backward facing step are
considered to be small and therefore not affecting the
flow field. This approach enables a separate considerati-
on for the aeroacoustic as well as the structural borne
noise. Additional to the simulations, aeroacoustic mea-
surements in an acoustic wind tunnel were performed for
validation purposes.

Numerical Setup

The three–dimensional flow field generated by a forward–
backward facing step (Fig. 1) was computed by means of
large eddy simulation (LES). The step height H as well as

Abbildung 1: Iso–surfaces of pressure fluctuation

the step length was 20mm. The height of the computa-
tional domain was 20H. A symmetry boundary condition
was used at the top boundary of the domain. The span-
wise extent of the geometry was 10H. In spanwise direc-
tion, periodic boundary conditions were applied. At the
inflow boundary, a laminar boundary layer profile was

set. The velocity at the boundary layer edge was 20m/s.
This yields a Reynolds number of 26.000, based on inflow
velocity and step height H. The grid size was chosen to
get a wall normal resolution of y+ < 1. The streamwise
and spanwise resolution in the wake region of the step was
x+ < 40 and z+ < 20, respectively. The overall number
of control volumes was 91.6 Millions. The flow compu-
tation was carried out using the software FASTEST-3D
[2]. This code solves the transient incompressible Navier–
Stokes equations. The equations are discretised using the
finite volume method (FVM). The influence of the unre-
solved flow scales was modeled with a Smagorinsky sub-
grid scale model.

Acoustic source terms were computed within FASTEST-
3D based on the flow solution. The present work conside-
red the source term of Lighthill’s acoustic analogy. The
aeroacoustic sound radiation was computed with the soft-
ware CFS++ [3] based on the acoustic source terms. This
solver uses the finite element method (FEM). The step
geometry does not vary in spanwise direction, therefore
the aeroacoustic computation was carried out in 2D. The
3D acoustic source terms were averaged over the spanwise
direction and conservatively interpolated on the 2D com-
putational aeroacoustic grid. The height of the acoustic
domain is 1.05m. It is surrounded by a perfectly matched
layer (PML [4]) to prevent reflections of the sound waves
at the boundaries of the domain.

The vibroacoustic sound radiation was based on the sur-
face velocity of the flexible wall right behind the forward–
backward facing step. The spanwise and streamwise ex-

flexible structure 
150 mm 

Abbildung 2: Flexible geometry

tension of the plate amounts to 170mm × 170mm. The
plate was joined on a rigid baffle over a length of 10mm
at the four edges by fixing the corresponding nodes of
the mechanical grid. This resulted in an effective fle-
xible area of 150mm × 150mm. The plate was mode-
led as an aluminium plate with a thickness of 3mm,
a density of 2700 kg/m3 and a modulus of elasticity of
E = 70 · 109N/m2. The transient surface forces resulted
from pressure distribution and wall shear stresses. Based
on these forces, the vibration of the plate was compu-
ted with CFS++. The propagation of the aeroacoustic
sound was computed with the linear wave equation for
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the acoustic potential Φ:
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At the interface between the flexible surface and the
acoustic medium, the normal component of the acoustic
particle velocity v′i is equal to the normal component of
the mechanical surface velocity vsi :

niv
′
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The surface normal vector is donated by ni. With v′i =
∂Φ
xi

the relation between the acoustic potential and the
surface velocity is:
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s
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The influence of the surface deformation on the flow field
was neglected due to small displacements.

Results

Figure 3 shows the acoustic pressure field generated by
the turbulent flow field. Aeroacoustic sound is mainly
generated by the shear layer of the recirculation zone
in the wake of the step. In Fig. 4, the comparison bet-

Abbildung 3: Aeroacoustic pressure distribution for an ar-
bitrary time step

ween the numerical and the experimental results is ob-
vious. The measurements were carried out in the acoustic
wind tunnel of the University Erlangen–Nuremberg un-
der anechoic chamber conditions. The numerical and ex-
perimental results are compared for a microphone point
located 1m above the step geometry. To compare the re-
sults of the 2D aeroacoustic simulation, a sound pressure
correction from 2D to 3D had to be performed. Accor-
ding to [5] the relation between the 3D–corrected sound
pressure level SPL3D,Δ radiated by a slice of the width
of the step geometry (Δ = 10H) and the sound pressure
level of the 2D aeroacoustic simulation SPL2D is:

SPL3D,Δ = SPL2D + 10 log

(
fΔ2

Rc0

)
(4)
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Abbildung 4: Comparison between aeroacoustic measure-
ment and aeroacoustic simulation

The distance to the microphone point is donated by R
and the speed of sound by c0. To compare with the results
of the windtunnel measurements, where a nozzle of the
width L = 0.2496m was used, an additional correction
has to be performed:

SPL3D,L = SPL3D,Δ + 10 log

(
L

Δ

)
(5)

The simulated aeroacoustic results including the correc-
tions of equations (4) and (5) show very good agreement
with the measured spectrum. Only minor deviations be-
low the measured results are visible for frequencies be-
low 200Hz and above 1500Hz. Additional to the avera-
ged measurements, a superposition of the measured data
equally evaluated to the simulated data is shown. The va-
riations of simulated data are located within variations
of the superposition of the measured data.

The vibroacoustic sound radiation is driven by the ei-
genmodes of the flexible plate. The first five computed
eigenfrequencies are shown in Table 1. The spectrum of

Tabelle 1: First five computed eigenfrequencies in Hz

1st 2nd 3rd 4th 5th
1160 2359 3469 4209 4232

the computed vibroacoustic sound pressure level at a mi-
crophone point located 1m above the step geometry is
compared with spectrum of the plate displacement in Fi-
gure 5. The comparison with the spectral plate velocity
indicates that the vibroacoustic sound radiation is domi-
nated by the eigenmodes of the flexible plate. The SPL
of the first eigenmode is 57 dB. The distribution of the
vibroacoustic pressure is illustrated in Figure 6.

Conclusion

The present work illustrates a method for the computati-
on of the noise radiated by applications with turbulence
as well as structural borne noise. The method enables
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Abbildung 5: Vibroacoustic SPL in comparison with spec-
trum of mechanical displacement

Abbildung 6: Vibroacoustic pressure distribution for an ar-
bitrary time step

a separate consideration of the two mechanisms of noise
generation. This is an advantage in comparison to mea-
surements. Due to the detailed computation of the phy-
sical field values, insight into the physical mechanisms
is enabled. The source term distribution for aeroacou-
stic sound radiation is able to show regions of enhanced
sound generation. The vibroacoustic analysis detects the
eigenmodes which dominate the vibration induced sound
radiation. The aeroacoustic sound radiation is compared
with measurements and shows very good agreement.
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