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Abstract An experimental investigation involving simultaneous measurements of a flow field and the generated sound is performed. The flow field around a circular cylinder is investigated by Particle Image Velocimetry
(PIV) while the radiated sound is recorded with a microphone. Both measurements are conducted in a synchronized manner to enable the calculation of the cross correlation between flow field data and acoustic data.
Different methods including a proper orthogonal decomposition (POD) are applied in order to obtain a dependency between the flow structures and the pressure fluctuations in the far field. The methods seem to be
promising to identify flow structures which are correlated with the sources of noise. The developed methods
are then applied to the more application related problem of the flow field inside a leading-edge slat-cove.

Nomenclature
a(m)
α
c
d
f
fs
H
i
λ
N
W
ωz

1.

amplitude of mode m
angle of attack
cord length
cylinder diameter
frequency
sampling frequency
height of the test section
index of PIV snapshot
eigenvalue
number of snapshots by PIV
width of the test section
in plane vorticity

ψ
p
φ
Re
S PL
σ
St
t
τ
u, v
U∞
x, y, z

eigenmode
sound pressure
flow quantity
reynolds number
sound pressure level
rms-value
Strouhal number
time
time difference [s]
velocity components with respect to x,y
free stream velocity
cartesian coordinates

Introduction

The reduction of noise is one important goal of the transport industry to accommodate for the growing demand for mobility. To develop noise reduction strategies it is necessary to detect noise sources
and to understand noise generation mechanisms. The objective of the present study is to check the
feasibility of cross correlation techniques for the detection of noise generation mechanisms. The basic idea behind this concept is to simultaneously measure a flow field and the sound radiated from
it. This gives information which flow structures correspond with the recorded sound. Since the flow
field measurements and acoustic measurements are performed in a synchronized manner it is possible
to look for a correlation between the near field flow and the far field acoustics. PIV measurements
feature high spatial resolution but low temporal resolution ( f s = 2.5Hz) whereas acoustic measurements feature high temporal resolution ( f s = 102.4kHz). A resulting normalized cross correlation
-1-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon Portugal, 26-29 June, 2006, 1185

coefficient yields a high temporal and spatial resolution in a statistical manner. It can give information about noise source distribution as well as noise generation mechanisms.
An extension of the approach is to apply first the proper orthogonal decomposition technique to the
flow field. In order to separate flow structures responsible for the radiated sound, the correlation
coefficient between the therewith obtained new vector field and the far field pressure signal is calculated. The POD was first introduced by Lumley (1967) for characterizing coherent structures in
turbulent flows. Joarden (2006) suggested the POD using the Lighthill source term, in order to look at
source/acoustic-pressure correlations. He successfully applied this method to DNS data of a temporal
mixing layer. Hall et al (2005) where able to reconstruct the temporal evolution of an axisymmetric jet
by using the time-varying pressure signals at the exit of the jet, and by performing the time correlation
with individual PIV snapshots. They where able to perform a dynamic reconstruction of the sound
source events by an evolutionary estimate of the most energetic modes.
The test case of a cylinder wake is chosen to verify the approaches described above. The flow field
downstream of a cylinder (Re = 19.000 based on the cylinder diameter) is investigated by 2 component PIV and the far field pressure is recorded with a microphone. This kind of flow field has been the
subject of interest for quit some time. The review by Williamson (1996) provides an overview of the
answered and open questions regarding the vortex dynamics in the cylinder wake. In this work only
the major properties of the measured flow field are described, in order to focus on the aeroacoustic
investigation. The developed methods are then used for the more application related problem of the
flow field inside the leading-edge slat-cove.

2.

Experimental Setup and Methods

The tests took place in the 2.0 × 1.4m2 wind tunnel facility of the Technical University of Berlin. It
is a Göttingen type wind tunnel with a closed test section (see Figure 1 (bottom,left)). The turbulence level reached 0.23% of the free stream velocity. Sound absorbers upstream and downstream of
the driving fan reduced the background noise level which makes the wind tunnel more suitable for
aeroacoustic measurements. Figure 1 (right) shows the experimental setup for the test case with the
circular cylinder. The Reynolds number is Re = 19.000 based on a cylinder diameter of d = 14mm
and a free stream velocity U∞ = 20.55 m/s. The blockage and aspect ratios, defined as d/W and H/d
respectively are 0.007 and 100. Velocity data were acquired with a 2D PIV system. It consists of a
Nd:YAG pulse laser that generates the light sheet and a CCD camera that records the light scattered
by the tracer particles. The frequency-doubled laser (Type: Quantel Twins, Brilliant W) emits laser
pulses with a maximum energy of 120mJ per pulse. It can be operated at a repetition rate of 10Hz.
The laser light sheet is directed through a window into the test section so that it is perpendicular
oriented to the cylinder. The thickness of the light sheet was 1.5mm in the investigation area which
is located directly downstream of the cylinder. The CCD camera (PCO Sensicam) is mounted on
the wind tunnel ceiling and records particle images via an upstream mirror. The CCD camera has a
resolution of 1280 pixels × 1024 pixels. It is operated at a frame rate of 2.5Hz which therefore is the
sampling rate of the whole PIV system. The flow is seeded with diethylhexylsebacate (DEHS) tracer
particles that are produced by a seeding generator with 40 Laskin atomizer nozzles. Particles have a
diameter of approximately 1µm (Kähler et al, 2002).A rake mounted inside the settling chamber distributes the tracer particles. The camera is equipped with a 60mm lens which results in a field of view
of 121.5 × 96.6mm2 (8.7d × 6.9d). The PIV data are processed using the PivView Software (See DLR
contribution to Stanislas et al (2005)). A multi pass algorithm with additional image deformation is
used. Interrogation window size is set to 32 pixels × 32 pixels with an overlap of 50%. This yields to
fields of 79 × 63 vectors with a spatial resolution of 1.6mm (0.11d). The vorticity component normal
to the measurement plane was estimated using a center difference scheme (Raffel et al, 1998). 5000
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pairs of images (snapshots) are analysed. A single 1/4 inch Brüel & Kjær microphone (Type 4919)
recorded the radiated sound simultaneously with the PIV measurement. It was positioned downstream
and laterally shifted relatively to the cylinder at a distance of approximately 0.65m from the measurement area. The microphone was covered with a nose cone that reduced the aerodynamically induced
noise while the microphone cable was winded around the supporting rod to avoid an additional generation of tones (see Figure 1). Sound pressure data were acquired with a sampling rate of 102.4kHz.
An anti-aliasing filter is used at a frequency of 40kHz.

Figure 1: Left top Schematical setup of the experiment. Left Bottom Wind tunnel facility of the Technical
University of Berlin. Right Experimental setup of PIV and microphone measurement of the cylinder
wake flow.
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3.

Results

Cylinder wake flow field

Figure 2 (left) shows an example of the instantaneous flow field of the cylinder wake. In the following
a prime marks fluctuating variables. All quantities and axes are made dimensionless by the cylinder
diameter d and the free stream velocity U∞ . The vorticity component ωz normal to the measurement
plane is coded by color. Velocity vectors are superimposed to illustrate the flow field. Vortices are
emanating from the upper and lower shear layer and are forming a vortex streed in the wake of the
cylinder with alternating sign.

Figure 2: Instantaneous flow field behind a cylinder (U∞ = 20.55 m/s).

Acoustic measurement results

A time sequence of the radiated sound pressure and the corresponding acoustic power spectrum are
shown in Figure 3. The spectrum is calculated using a hanning window and averaging over 30 seconds. The sound pressure level (SPL) is given in dB with a reference pressure of pre f = 2 · 10−5 Pa.
The dominant oscillation pattern can clearly be seen in the time series which results in a significant
peak in the averaged power spectrum at 265Hz. Such a tone produced by translating cylindrical rods
through air has already been observed by Strouhal (1878). The normalized frequency S t = f d/U∞
is 0.186 which is in good agreement with values found in literature (Williamson, 1996). Acoustic
measurements in the empty test section at the free stream velocity U∞ = 20m/s have shown that the
second peak at around 90Hz is due to the background noise of the wind tunnel.
Cross correlation technique

The normalized cross correlation Rφp0 is defined as:
R∞
[φ(x, y, t) · p0 (t + τ)]dt
−∞
Rφ,p0 (x, y, τ) =
σφ (x, y) · σ p0

(1)

where φ is any flow quantity measured at position x, y at time t and p0 is the sound pressure. τ is the
time difference. The cross correlation coefficient is normalized by the temporal standard deviation
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Figure 3: Left Sequence of the radiated sound by the cylinder. Right A vortex shedding frequency of f =
265Hz can be seen in the acoustic power spectrum.

σφ (x, y) of the measured flow quantity and the standard deviation σ p0 of the sound pressure. After
discretisation the equation becomes:
Rφ,p0 (x, y, τ) =

N
Σi=1
[φi (x, y) · p0i (τ)]
,
σφ (x, y) · σ p0i

(2)

where N is the number of measurements at different time steps and p0i (τ) the corresponding pressure signal with τ as the time difference with respect to the instantaneous record φi . Figure 4 shows
the instantaneous distribution of the normalized cross correlation coefficient behind the cylinder for
τ = 1ms. Rω0 p0 is calculated as an example and (Ru0 p0 , Rv0 p0 ) is depicted as a vector plot. Outside the

Figure 4: Left Instantaneous distribution of the normalized cross correlation coefficient Rω0 p0 behind the cylinder for τ = 1ms. Right Instantaneous distribution of (Ru0 p0 , Rv0 p0 ) as a vector plot for τ = 1ms.

wake Rω0 p0 becomes close to zero. The sign of the correlation coefficient alternates downstream of
the cylinder and the distance between two neighboring local maxima increases further downstream.
This is due to the acceleration of vortices. The cross correlation coefficient reaches a maximum approximately 1.6 diameters downstream of the cylinder. The correlation coefficients decreases further
downstream. The temporal evolution of the cross correlation coefficient and the corresponding cross
power spectrum at position [x/d ; y/d] = [1.65 ; 0.00] is plotted in Figure 5. This position is indicated
by a black cross in Figure 4. The correlation becomes significant at τ ≈ −0.05s. Coherent periodic
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Figure 5: Left Temporal evolution of the normalized cross correlation coefficient at [x/d ; y/d] = [1.65 ; 0.00].
Right Power spectrum of the shown correlation coefficient.

structures are responsible for this dependency of the velocity signal with the pressure fluctuations in
the past. After τ = −0.05s the amplitude of the cross correlation coefficient fluctuates over time in a
sine type oscillation with maximum values of |Rv0 p0 | = 0.2 at τ = 0.025s. From there on the amplitude
of Rv0 p0 decreases with τ. The time signal has a much more sinusoidal shape compared to the pressure
signal of the microphone (see Figure 3 (left)). The background noise at frequencies below 100Hz
(see Figure 3 (right)) is suppressed but the peak at around 90Hz is still visible although it is lowered
by at least 10dB. This filtering of uncorrelated noise is caused by the averaging process during the
cross correlation calculation. The dominant oscillation with the shedding frequency of the cylinder
wake can clearly be seen both in the time plot as well as in the cross power spectrum. Both Ru0 p0 and
Rv0 p0 are showing this periodic behavior with a phase shift of π/2 with respect to each other. Thus the
pattern shown in Figure 4 (right) is travelling upstream with increasing τ. In the next section it will be
shown that the structure in Figure 4 (right) has the same pattern like the most energetic eigenmode of
the flow. Thus the correlation technique works as a filter also in the spatial domain, and can be used
to extract dominant flow patterns.
Cross correlation using POD modes

A section of a measured flow field which consists of l fluctuating velocity vectors
(u0 (x j , y j ), v0 (x j , y j ))

with j = 1, 2 . . . , l

(3)

can be considered as a point in a 2l-dimensional vector space. Defining N as the number of measurements one can construct the vectors
ui = (u0i (x1 , y1 ) . . . u0i (xl , yl ), v0i (x1 , y1 ) . . . v0i (xl , yl ))

with i = 1, 2 . . . , N.

(4)

Seeking for a deterministic basis ψ = (ψ1 , ..., ψ2l ) in this vector space, where a minimum number of
components captures a maximum of the energy which is present in the flow field in a mean square
sense, leads to the proper orthogonal decomposition (POD). It can be shown (e.g. Berkooz et al
(1993), Sirovich (1987)) that in order to find the optimal choice of ψ the following eigenvalue problem
has to be solved :
Rψ = λψ.
(5)
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Here the kernel of equation 5 is defined as
N
1X
(ui ⊗ ui )
R≡
N i=1

(6)

The eigenvectors in the columns of the matrix ψ are building a new orthogonal basis. The eigenvalues
in the entries of the vector λ are providing the information about the amount of energy contained in
the corresponding eigenvector. The method is applied to a field of 40 × 40 two component velocity
vectors in order to obtain 2l = 3200 eigenvectors. The kernel R was obtained by averaging the cross
correlation over N = 5000 recordings. Figure 7 (left) shows the energy distribution of the first 40
most energetic eigenmodes. The dots are indicating the fraction of the fluctuating kinetic energy
and the solid line represents the accumulated energy fraction. It can be seen that the pair of the two
first eigenmodes cover already 64% of the fluctuating kinetic energy. In Figure 7 (right) the vector
representation of the 1st eigenmode is depicted. This plot shows a similar pattern of vortical structures
like the one in Figure 4. Thus the correlation technique described in the previous section works like a
filter of the most energetic structures in the flow. This is at least true for the cylinder wake flow, where
temporal and spatial structures are strongly coupled. After having the new orthogonal basis ψ, we
can calculate coefficient vectors ai = (ai (1), ..., ai (m)) by back projecting the basis onto the original
velocity field:
(7)
ai = ψ−1 u0i
where u0i is the vector of the fluctuating velocity field of the i’th measurement. The coefficients will
then be used to perform a cross correlation with the pressure signal:
Ra,p0 (m, τ) =

N
Σi=1
[ai (m) · p0i (τ)]
,
σa (m) · σ p0i

(8)

with ai (m) as the coefficient for the m’th mode of the i’th snapshot. Here the N is again the number
of snapshots obtained during the measurement. The resulting Ra,p0 (m, τ) can provide information
about the contribution of each eigenmode to the noise generation mechanism. The temporal evolution
with increasing τ of Rap0 (m, τ) for m = 1, 3 and 6 is shown in Figure 6 (left). The pair of the first
two most energetic modes (Rap0 (2, τ) not presented here) have the major contribution to the radiated
sound. Rap0 (6, τ) reaches values of aprox. 0.1 at its maximum. As plotted for Rap0 (3, τ), other modes
are showing no significant correlation with the pressure signal. Rap0 (1, τ) as well as Rap0 (2, τ) have
a similar temporal evolution with τ like the velocity-pressure cross correlation coefficient (Figure
5 (left)). Also the cross power spectrum of Rap0 (Figure 6 (right)) shows the dominant Strouhal
frequency at 265Hz. The peak is narrower than the one in the spectrum of Rv0 p0 (Figure 5 (right)) and
the background noise is suppressed more efficiently.

4.

Slat cove Measurements

The unsteady flow field inside a leading edge slat is investigated. The experiments are carried out on
a generic swept constant cord half (SCCH) model. It is equipped with a three element high lift device
and it has a cord length of c = 0.45m for the cruise configuration and a half span of 1.2m, whereas
the flap is retreated. A cross sectional view of the SCCH airfoil with the area observed by the camera
(red box) is illustrated in Figure 8. The measurement error is estimated as aprox. 0.25m/s. A detailed
description of the experimental setup and results is given in Kaepernick et al (2005).
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Figure 6: Left The temporal evolution of Rap0 (m, τ) for m = 1, 3 and 6. Right Frequency spectrum of Rap0 (1, τ).

Figure 7: Left Energy distribution of the eigenmodes. Dots for the fraction of the total fluctuating kinetic
energy in each mode. Line for the accumulated values. Right First eigenmode represented as a
vector field in the original physical domain.

Figure 8: Cross sectional view of the airfoil of the SCCH model. The red box indicates the area observed by
the camera.
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Slat cove flow field

The present paper describes only the general features of the flow field for the case α = 16◦ and
U∞ = 20m/s. An instantaneous velocity field is shown in Figure 9. The left side shows the normalized
velocity magnitude and the right side the normalized vorticity coded by color in the background. All
quantities and axes are made dimensionless by the cord length c and the free stream velocity U∞ . The
grey areas mark the intersection of the lightsheed plane with the model. Areas containing no data can
be found close to the lower slat cove and in the slat gap region. They are due to shadowing effects.
The strong spatial gradient of the velocity magnitude clearly illustrates the shear layer. Stagnation
points are visible at the lower surface of the main element and the reattachment point of the shear
layer. The flow accelerates near the slat gap. Low values of velocity magnitude are observed inside
the recirculation area with slightly higher values along the shear layer. There is also an area with
slightly elevated values of velocity magnitude near the slat cove wall. A free shear layer with high
values of positive sign vorticity emanates from the slat cusp. The shear layer becomes unstable
approximately 0.02 chord lengths downstream of the slat cusp and breaks up into discrete vortices as
described by Takeda et al (2001). Vortices shed at the slat cusp seem to have a regular spacing. The
maximum vorticity of the shear layer decreases further downstream and a broadening of the vortical
structures can be observed. The shear layer impinges on the slat cove wall. Partly inspection of PIV
data sequences reveals the unsteady behavior of the shear layer. Vortices of the shear layer either got
ejected through the slat gap or got trapped inside the recirculation area. Vortices that got trapped inside
the recirculation area circle on an unsteady path. The center of this rotation also fluctuates. Vorticity
magnitude and shear layer trajectory show also an unsteady behavior as well as the reattachment point
at the slat cove surface.

√
Figure 9: Instantaneous normalized velocity u2 + v2 (left) and instantaneous normalized vorticity magnitude
ωz c/U∞ (right) of the same measurement for comparison at U∞ = 20m/s and α = 16◦

Acoustic measurement results

For the here presented α = 16◦ configuration at U∞ = 20m/s an intermittent tonal sound is observed.
A spectrum of this configuration is depicted in Figure 10. There are several peaks in the spectrum
between 2.3kHz and 3.4kHz (Figure 10 (right)). One dominant tone is found with a sound pressure
level of 76.5dB at 3kHz, which is approximately 8dB above the ambient noise level.
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Figure 10: Acoustic spectrum (left) and a zoomed view (right) for the α = 16◦ configuration at U∞ = 20m/s.
Cross correlation results

Figure 11 shows the spatial distribution of hR2v0 p i1/2 time averaged over the interval of −10ms < τ <
10ms and distribution of σv0 . The investigated flow field in the slat cusp region contains areas of
high fluctuating velocities (shear layer and recirculation region) and areas with σv0 values below the
measurement error (downstream of the shear layer). The fluctuating quantities in the latter regions can
not be considered as reliable, thus regions with σv0 values below the measurement error are spatially
filtered out in the calculation of the cross correlation coefficient. This is done by normalizing the
pressure-velocity correlation by max(σv0 , ς) instead of σv0 in equation 2, where ς = 0.25m/s. Maxima
of correlation can be clearly identified at different positions around the shear layer and inside the
recirculation region. The location of spots with high correlation values depends on the time interval
chosen.

Figure 11: Left Cross correlation coefficient hR2v0 p i1/2 time averaged over over −10ms < τ < 10ms. Right
spatial distribution of σu0

Cross correlation using POD modes

As for the cylinder wake flow a POD is applied to the slat cove flow field. The energy distribution for
the eigenmodes is plotted in Figure 12 (Top Left). Significant more eigenmodes are needed to represent most of the fluctuating kinetic energy compared to the cylinder wake flow (see Figure 7). Figure
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12 (Top Right) shows the second eigenmode represented as a vector field in the original physical domain. The dominant vortical structure of the recirculation region inside the slat cove is represented
by this mode. The correlation coefficients Rap0 are calculated in the same manner as described in the
previous section by Formula 8. The temporal evolution of the normalized cross correlation coefficient
Rap0 (m, τ) for m = 2 and m = 7 are shown in Figure 12 (bottom) as an example. A difference in the
frequency distribution can be seen comparing both plots, but the results are not identifying specific
eigenmodes as sources of the far field pressure fluctuations. The amplitude of |Rap | is 0.04 only and
it is not decreasing with τ as one would expect it in case of a correlation for the eigenmode and the
far field pressure. Measurement of the spanwise coherence of the fluctuating velocity with two hot
wire probes at the slat cove have shown a weak coherence for even small spanwise distances. The
PIV measurement captures only the velocity field on a slice normal to the wing leading edge while
the microphone records pressure fluctuations of all superimposed sources. Thus, if the sources are
not coherent the signal to noise ratio for a quantification of the correlation of any flow quantity with
the far field pressure becomes very small.

Figure 12: Top Left Energy distribution for the eigenmodes. Dots for the fraction of the total fluctuating kinetic
energy in each mode. Line for the accumulated values. Top right Second eigenmode represented as
a vector field in the original physical domain. Bottom Temporal evolution of the normalized cross
correlation coefficient Rap0 (m, τ) for m = 2 (left) and m = 7 (right)

.
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5.

Conclusion

It was shown that flow structures can be assigned to sources of noise by calculating the cross correlation coefficients between the time resolved far field pressure fluctuations and snapshots of the spacial
resolved velocity measurements. Sources of aeroacoustic noise can be identified. The most energetic
structures where filtered by applying the Proper Orthogonal Decomposition technique to the PIV
snapshots. The coefficients of the new orthogonal basis for each snapshot have been correlated with
the pressure signal. For the case of the cylinder it was shown that this method identifies the modes
contributing to the radiated sound. The SCCH model featured a 30◦ swept back wing, so the flow field
has a great complexity, and a weak coherence in the spanwise distance. Thereby the determination of
aeroacoustic sources is more difficult. On can assume that by using more microphones and focusing
on the area of the velocity measurement, the signal to noise ratio of the here presented technique can
be significantly increased. An improvement should also be possible by taking a higher number of
flow field snapshots into account. In order to archive that, future investigations will concentrate on
measurements with a high speed PIV system and a phased microphone array.

References
Berkooz G, Holmes P, Lumley J (1993) The proper orthogonal decomposition in the analysis of
turbulent flows. Annu Rev Fluid Mech 25:539–75
Hall A, Tinney C, Glauser M (2005) Investigating the ’modified’ complementary technique using
pressure-velocity correlations of an axisymmetric jet. 43rd AIAA Aerospace Sciences Meeting and
Exhibit - Meeting Papers pp 6899–6912
Joarden P (2006) Effc 2006 : Noise control study. CAFEDA Review meeting
Kaepernick K, Koop L, Ehrenfried K (2005) Investigation of the unsteady flow field inside a leading
edge slat cove. AIAA-Paper-2005-2813
Kähler C, Sammler B, Kompenhans J (2002) Generation and control of tracer particles for optical
flow inverstigation in air. Experiments in Fluids 33:736–742
Lumley J (1967) The structure of inhomogeneous turbulent flows. Atmospheric Turbulence and Radio
Wave Propagation pp 215–242
Raffel M, Willert C, Kompenhans J (1998) Particle Image Velocimetry - A Practical Guide, vol 1.
Springer
Sirovich L (1987) Turbulence and the dynamics of coherent structures part 1 : coherent structures.
Quarterly of applied mathematics 65(3):561–571
Stanislas M, Okamoto K, Kähler C, Westerweel J (2005) Main results of the second international piv
challenge. Experiments in Fluids 39(2):170–191
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