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Abstract

We present the first application of the Helmholtz-Hodge decomposition (HHD) to measured
velocity data in aeroacoustics in order to analyze damping phenomena at an aeroacoustic
sound absorber. As an example, a generic bias flow liner is investigated, i.e. a perforated
acoustic liner whose damping is resulting from an interaction of sound and flow but provides
an increased damping efficiency due to an additional injected flow through the perforation. For
the aeroacoustic investigation, three-dimensional optical measurements of the velocity vector
are performed at 4096 locations with a spatial resolution of 660 µm and a measurement rate
of 100 kHz. Applying the natural HHD to the phase-resolved oscillation velocity regarding the
acoustic excitation frequency of 1122 Hz yields an irrotational velocity term, the acoustic par-
ticle velocity, and a solenoidal velocity term, the aerodynamic flow velocity. As a result, the
interaction between the sound and the flow results in a coherent flow vortices dominating the
velocity oscillation. In addition, a local acoustic source near the perforation is supposed, having
a local acoustic particle velocity which is three times higher compared to the excitation sound
wave. The HHD result shows slight artifacts, whose cause is identified as the spatial discretiza-
tion of the data and, thus, can be suppressed by using a finer data grid size in the future. As a
consequence, the HHD will be a valuable tool for analyzing and eventually optimizing bias flow
liners for enhanced sound absorption in jet engines and stationary gas turbines.

Introduction

For the investigation of aeroacoustic phenomena, for example, at sound absorbers (liners), the
measured velocity field is an attractive data set, because it is composed of both the (aerody-
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namic) flow velocity and the acoustic particle velocity. However, the separation of both quan-
tities is challenging, since both coincide with each other at the measured velocity signal and
in the temporal spectrum of the velocity as well, because flow oscillations are induced at the
acoustic frequency by the interaction of sound and flow. For this reason, a separation in the
spatial domain is suggested in the following. Previous approaches like proper orthogonal de-
composition (POD, see Rupp et al. 2010) suffer from ambiguities regarding the interpretation,
because the mathematical modes resulting from the POD are not physically related to the
sound and flow field, respectively. In contrast, the Helmholtz-Hodge decomposition (HHD) al-
lows distinguishing between the aerodynamic flow velocity and the acoustic particle velocity by
their characteristic properties of being irrotational and solenoidal, respectively, see De Roeck
et al. 2007. Using the HHD requires considering of boundary conditions for the given velocity
field, according to Denaro 2003. In case of measured data, these conditions are usually not
or not exactly known, which precludes this approach. Though, the natural HHD was intro-
duced by Bhatia et al. 2014, which allows the decomposition to be independent from boundary
conditions, but the natural HHD has not been applied to aeroacoustics so far.

Therefore, the natural HHD is applied to an aeroacoustic sound absorber here, as an example.
In this paper, the natural HHD algorithm and its implementation in MATLAB R© is explained at
first. Subsequently, a verification of the implementation is presented showing its suitability for
the aeroacoustic application. Then, the application to measured velocity data, acquired at a
bias flow liner, is demonstrated. Finally, a conclusion and an outlook on future work is given.

Algorithm

Assuming a given simply connected vector field ~v that is spatially unbounded, the natural
Helmholtz-Hodge decomposition (NHHD) can be performed, such that

~v = ~d +~r+~h (1)

is decomposed into a irrotational term ~d, a solenoidal term ~r, and a remaining term ~h that is
both irrotational and solenoidal. The terms

~d (~s) = ∇

∫

Ω

G∞

(
~s,~̃s
)
~∇ ·~v

(
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)

d~̃s and

~r (~s) = −∇×
∫

Ω

G∞

(
~s,~̃s
)
~∇×~v

(
~̃s
)

d~̃s, (2)

are calculated in the spatial region Ω with~s as the position vector. The Green’s function
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4π
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has to be employed in Eqs. (2), for two-dimensional or three-dimensional problems, respec-
tively. Finally,~h is obtained as a remainder using Eq. (1).

The algorithm is implemented in MATLAB by approximating the integrals in Eqs. (2) by central
finite differences corresponding to a Riemann sum on a regular grid at a Cartesian coordinate
system (x, y, z). Moreover, all differential operators are replaced by their discrete counterparts,
i.e., using difference quotients.
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Fig. 1: Input vector field data (top) used for the synthetic test of the implementation of the natural
Helmholtz-Hodge decomposition, as well as the corresponding divergence (middle) and curl (bottom).

Verification

In order to verify the implementation of the NHHD algorithm described in the previous section,
a synthetic test is accomplished using exemplary data, which is shown for the two-dimensional
case, for the sake of simplicity. The input data reads

~v = ~vsource +~vvortex +~vshift with
~vsource = (x,y)× exp

[
−0.5

(
x2 + y2)] ,

~vvortex = (−y,x)× exp
[
−0.5

(
x2 + y2)] , and

~vshift = (0.1,0.1) (4)

and is depicted in Fig. 1 (top). As also depicted in Fig. 1 (middle and bottom), the source term
is irrotational (~∇×~vsource = 0), the vortex term is solenoidal (~∇ ·~vvortex = 0) and the shift term is
both irrotational and solenoidal (~∇×~vshift =~∇ ·~vshift = 0). Consequently, for the expected output
field, resulting from the NHHD, ~d =~vsource,~r =~vvortex and~h =~vshift hold.
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Fig. 2: Output vector field data (top) from the natural Helmholtz-Hodge decomposition of the synthetic
test data from Fig. 1, as well as the corresponding divergence (middle) and curl (bottom).

The actual output field is depicted in Fig. 2 (top). The decomposed vector terms fields qual-
itatively agree with the expected fields, cf. Fig. 1. However, there are slight deviations from
the expectation, which can especially be identified in the term~h which does not exactly equal
~vshift. As a result, the divergence ~∇×~vshift and the curl ~∇ ·~vshift do not complete vanish, unlike
expected. Both have a root mean square (RMS) value of less than 10 %, regarding the RMS
value of ~∇×~v and ~∇ ·~v. This behavior is resulting from the discretization of the vector field
data and can be suppressed when choosing a smaller data grid size (not shown here), which
corresponds to a finer spatial resolution at the measurement.

Experimental setup and results

For the aeroacoustic analysis using the NHHD, a generic bias flow liner based on Heuwinkel
et al. 2010 is chosen as an example. A bias flow liner is an aeroacoustic sound absorber and
consists of a perforated sheet with a cavity underneath, where an additional (bias) flow is fed
into the cavity to pass through the perforation, which increases the damping efficiency. The
aeroacoustic damping is based on an interaction between the sound and the flow and needs to
be understand further. For this purpose, an optical velocity measurement using Doppler global
velocimetry with frequency modulation (FM-DGV, see Haufe et al. 2013, 2014b) employing
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a high-power diode laser (1 W optical output power) is performed at a measurement rate of
100 kHz. The experiments are conducted at the duct acoustic test rig with a rectangular cross
section (DUCT–R) with a length of about 3 m and a cross-sectional area of 60 mm × 80 mm.
The optical access is provided by glass windows and light scattering particles of diethylhexyl
sebacate (having a diameter of about 1 µm) are provided by a particle generator from the
company PIVTEC GmbH. For the first time, a velocity measurement is accomplished in a
three-dimensional region of interest at the vicinity of the central orifice, which is visualized in
Fig. 3. Measurement data is acquired at 4096 locations using multipoint detection and travers-
ing stages. A grazing flow with a velocity of about 34 m/s is provided by a radial compressor,

8.5 mm

2.5 mm

grazing flow +
acoustic wave

region of interest

y
x

z

glass window

Fig. 3: Experimental setup for the velocity measurement at a generic bias flow liner for the analysis of
aeroacoustic phenomena near the central orifice of the perforated sheet, where its center is the point of
origin. The bias flow is fed into the cavity underneath the perforated sheet and interacts with the sound.

the acoustic excitation is accomplished by a Monacor R© speaker at a frequency of 1122 Hz with
a maximum sound pressure level of about 118 dB in the duct. A bias flow with a controlled
mass flow of 5 kg/h is fed into the cuboid shaped cavity underneath the 1 mm thick perforated
sheet.

The decomposed velocity terms resulting from the NHHD applied to the measured data are
depicted for z = 0 in Fig. 4 as RMS values of the phase-averaged oscillation velocity regarding
the acoustic excitation frequency. The spatial resolution of the measurements is 660 µm and an
interpolation using cubic splines with an interpolation factor of 16 is applied in order to suppress
discretization effects for the calculation of the NHHD. In Fig. 4, the highest oscillation velocity
is at a low distance of y ≈ 1 mm to the perforated sheet, which agrees well with previous
investigations by Heuwinkel et al. 2010. Note that the solenoidal term ~r, which is related
to flow vortices, is dominating compared to the irrotational term ~d, which is related to the
acoustic particle velocity. However, ~d has a maximum RMS value of 0.13 m/s which is more
than three times larger compared to the estimated acoustic particle velocity of 0.04 m/s of
the excitation sound wave (assuming plane waves in air at 20 ◦C). This is an indication of a
local acoustic source, which results from the interaction between the sound wave and the flow.
Future investigations will show, whether and where the sound wave propagates and at which
intensity. As already observed in Fig. 2, the harmonic term is not completely irrotational, which
is again due to discretization effects. In order to further reduce these effects, a finer spatial
resolution, e.g. using the laser Doppler velocity profile sensor from Haufe et al. (2014a), or a
finer interpolation is needed in the future. However, the calculation effort for the NHHD will rise
with the sixth power of the number of data points per dimension for the investigation of the full
volume, according to Eqs. (2). To face this challenge, an accelerated signal processing, e.g.
using graphics processing units like in Kirk and Hwu (2010), will be a perspective.

Conclusion and Outlook

The aeroacoustic analysis of measured velocity data using the natural Helmholtz-Hodge de-
composition (NHHD) was performed for the first time. For this purpose, the three-dimensional
vector field of the velocity has been measured using Doppler global velocimetry with sinusoidal
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Fig. 4: Resulting velocity fields (top) of the oscillation at the acoustic excitation frequency of 1122 Hz,
using natural Helmholtz-Hodge decomposition of the velocity data measured according to Fig. 3, as well
as corresponding divergence (middle) and curl (bottom). All values are given as the root mean square
(RMS) of the l2 norm of the velocity vectors.

frequency modulation (FM-DGV) at a generic bias flow liner. To this aim, volumetric FM-DGV
measurements at 4096 locations have been accomplished, providing three-dimensional phase-
resolved oscillation velocity data regarding the acoustic excitation frequency. As a result of the
decomposition, the measured oscillation velocity is dominated by flow vortices, which are in-
duced by the interaction of sound and flow and, thus, being coherent to the acoustic excitation.

The results of this work prove the suppositions in previous investigations, like in Heuwinkel
et al. 2010. Moreover, there is an indication of a local acoustic source with a comparatively
high acoustic particle velocity (three times higher compared to the acoustic excitation) which
results from the interaction of sound and flow. The implementation of the NHHD algorithm in
MATLAB has been verified using synthetic test data. The verification revealed that a smaller
grid size (finer spatial resolution) is necessary in the future to further suppress decomposition
artifacts resulting from the numerical discretization. In conclusion, the aeroacoustic analysis
using NHHD represents a valuable tool for the investigation of the aeroacoustic damping phe-
nomena at bias flow liners, which enables the design of optimized liners for more efficient
sound absorption in jet engine and stationary gas turbines.
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