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Abstract

The dipole sound produced by edge scattering of pressure fluctuations at a trailing edge is most often an undesirable effect in turbo-
machinery and control surface flows. The ability to model the flow mechanisms associated with the production of trailing edge acoustics
is important for the quiet design of such devices. The objective of the present research was to experimentally measure flow field and
acoustic variables in order to develop an understanding of the mechanisms that generate trailing edge noise. The results of these exper-
iments have provided insight into the causal relationships between the turbulent flow field, unsteady surface pressure, and radiated far
field acoustics. Experimental methods used in this paper include particle image velocimetry (PIV), unsteady surface pressures, and far
field acoustic pressures. The model investigated had an asymmetric 45� beveled trailing edge. Reynolds numbers based on chord ranged
from 1.2 · 106 to 1.9 · 106. It was found that the small-scale turbulent motions in the vicinity of the trailing edge were modulated by a
large scale von Karman wake instability. The broadband sound produced by these motions was also found to be dependant on the
‘‘phase’’ of the wake instability.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Spatially correlated surface pressures are created by tur-
bulent motions as they convect over a trailing edge. The
resultant unsteady surface force causes sound to be radi-
ated to the far field in the form of a dipole source. This phe-
nomena is amplified in the vicinity of a sharp trailing edge.
Radiated acoustic energy will depend on the size and con-
vection speed of the turbulent motions as they convect over
the trailing edge. The radiated acoustic pressure for low
Mach numbers can be expressed in terms of the flow field
as a solution to the inhomogeneous wave equation (Howe,
1975, 1998):

r2Bþ k2
0B ¼ �r � ðx*� u

*Þ; ð1Þ
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where the source term is the divergence of the vorticity–
velocity cross product, k0 is the acoustic wave number,
and the variable B = p/q0 + u2/2 consists of the far field
acoustic pressure and velocity variables. In the absence of
a full solution of the velocity field (e.g., direct numerical
simulation), the solution to Eq. (1) can be estimated in a
stochastic way by modeling the space–time correlation
function of the velocity and vorticity, and relating these
functions to radiated sound.

Experimental results are discussed in the following sec-
tions in which a unique combination of velocity, vorticity,
surface pressure, and acoustic pressure have been measured
in the near wake of an asymmetric 45� beveled trailing
edge. The chord Reynolds numbers ranged from 1.2 · 106

to 1.9 · 106 with a corresponding Mach number range of
0.06 < M < 0.09. The airfoil consisted of a flat strut with
a 50.8 mm thickness, a 0.91 m chord, and a 0.61 m span.
The leading edge was a 5:1 ellipse and boundary layer trips
were placed 1/4 chord length downstream of the leading
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Fig. 1. Instantaneous vorticity field with streamlines. Flow is from left to right. The model has a thickness to chord ratio of 1/18 and an asymmetric 45�
beveled trailing edge. Surface pressure sensors are located 12.5 mm upstream of the sharp edge.

Fig. 2. Sound pressure level spectra as measured by phased arrays.
Decibel level referenced to p0 = 20 lPa.
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edge on both surfaces of the airfoil. The trailing edge geom-
etry is illustrated to the left of Fig. 1. The separation point
of the upper boundary layer from the beveled surface is
noted, as are the locations of two unsteady surface pressure
sensors. This particular trailing edge shape was chosen
because it has been used in previous theoretical and exper-
imental works, which are summarized in Blake (1986),
Gershfeld et al. (1988) and Blake and Gershfeld (1989).
Aeroacoustic simulations have also been computed for this
geometry by Wang and Moin (2000).

This project incorporated two experiments. The first
experiment used a closed test section wind tunnel and a par-
ticle image velocimetry (PIV) system to obtain flow field
measurements. These data provided a spatially resolved
description of the turbulent velocity and vorticity fields in
the near wake. The second experiment was preformed in
an anechoic wind tunnel (AWT), an open test section wind
tunnel surrounded by an anechoic room. Two free shear lay-
ers were located on either side of the test section to allow for
the propagation of acoustic waves to the far field. Details
about the AWT facility can be found in Mueller et al.
(1992). Experiments performed in this tunnel included mea-
surement of the unsteady surface pressure simultaneously
with the acoustic pressure. Two unsteady surface pressure
sensors were located 12.5 mm upstream of the sharp trailing
edge on the suction (upper) surface and pressure (lower) sur-
face of the model. The sound radiated from the test section
was measured by a pair of phased microphone arrays.

Sound generated by the trailing edge can be considered
to be a superposition of two types of acoustic sources:
tonal and broadband. Fig. 2 shows the measured sound
pressure level (SPL) spectra measured at a distance of
1.08 m from the center span of the sharp trailing edge in
the AWT. The unsteady semi-periodic wake instability
associated with the shedding of boundary layer vorticity
into the wake is responsible for the narrowband tonal noise
generated by the trailing edge. The magnitude of the tonal
noise is typically orders of magnitude greater than the
broadband noise. A Strouhal number for trailing edge
flows was defined by Blake (1986)

St � f � yf

U1
; ð2Þ
where f is the frequency, U1 is the free stream velocity, and
yf � 25 mm is a wake thickness parameter determined by
the minimum distance between the upper and lower shear
layers of the wake formed by the separation of the bound-
ary layers. The length scale yf was utilized because the
shedding frequency is only dependent on the size of the sep-
arated region. Blake suggests that all trailing edge flows
will have a Strouhal number of approximately 0.16. The
Strouhal number for the model geometry utilized in this
study was found to be 0.184. Smaller scale turbulent mo-
tions in the vicinity of the trailing edge cause acoustic scat-
tering at frequencies proportional to their relative size and
convection velocities. This phenomenon is responsible for
the broadband noise generated by the trailing edge over a
wide frequency range. The broadband noise can be ob-
served in Fig. 2 at frequencies higher than the tonal noise.

The following sections will further outline the measure-
ment techniques described above and discuss the results
obtained from these measurements.

2. Particle image velocimetry

Two component PIV data were obtained in the plane
perpendicular to the spanwise direction. Two side-by-side
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imaging areas were used in this experiment to provide
appropriate spatial resolution while capturing the entire
near wake region. Seeding of the measurement area was
produced by an aerosol generator that created particles
of olive oil ranging in diameter from 0.2 to 1.0 lm. A par-
ticle mixer located upstream of the tunnel inlet provided a
homogeneous mixture of seeding particles. A LaVision PIV
system was used for the data acquisition of this experiment.
A pair of 120 mJ Nd:YAG pulse lasers, which generate
coherent light at a wavelength of 523 nm, were used to illu-
minate particles in the test section. A cylindrical lens was
used to produce a nominally 1 mm thick light sheet. The
laser head was positioned above the test section such that
the laser sheet illuminated particles at the mid-span of
the airfoil. Images of the particles were acquired using
two CCD cameras with 1370 · 1040 pixel resolution. Two
instantaneous exposures of the measurement area were
acquired by each camera with 25 ls in between exposures.
The timing of the laser pulses and the camera exposures
was controlled by a computer containing a programmable
timing unit. The capture rate of the camera system pro-
duced approximately three PIV realizations per second.

The velocity vectors were computed using DaVis soft-
ware by LaVision. An iterative correlation technique was
used to compute velocity vectors from the particle move-
ment observed between camera exposures. This technique
utilized a shrinking interrogation window algorithm with
a final window size of 16 · 16 pixels and a 50% window
overlap. A vector resolution of 0.83 mm was achieved over
an area of approximately 270 · 107 mm.

Uncertainty in PIV measurements can be difficult to
quantify because it is dependant on the presence of seeding
particles, the camera focus, and particle illumination in each
interrogation window. As such, the uncertainty can vary
over the measurement region and between PIV realizations.
An estimate of the uncertainty can be made assuming a sub-
pixel accuracy of 0.1 pixels. This translates to 0.0104 mm
particle displacement accuracy, implying that the velocity
measurements have an accuracy of approximately 1.4%
when compared to the free stream velocity. This estimate
agrees well with the root mean square of the measured
velocity where the flow was nominally steady.

The vector maps obtained from each PIV realization
contained regions of missing data where the absence of
seeding particles in an interrogation window made comput-
ing the flow velocity impossible. This was more common in
regions of the flow where velocity fluctuations and gradi-
ents were relatively high. These occurrences, often referred
to as gappy data, were limited to an average of 2.4% of the
vectors in each realization. Instances of gappy data were
eliminated from the data set and ignored when computing
velocity statistics.

2.1. Instantaneous PIV realization

A single realization of the spanwise component of vor-
ticity with superimposed streamlines is shown in Fig. 1.
The trailing edge shape is outlined on the left of the figure.
A shadow region, where data are unavailable, is located
just below the trailing edge. The magnitude of vorticity
has been normalized using the free stream velocity and
the wake thickness parameter yf.

The separated flow over the 45� surface contains a
region of recirculation. The boundary layer vorticity sepa-
rating from the model surface creates a von Karman vortex
street common to wake flows. The unsteady lift that results
from this wake instability is responsible for the tonal noise
generated by the trailing edge.

The asymmetry of the trailing edge shape leads to a dis-
tinct asymmetry in the convected vorticity field. The posi-
tive vorticity that originated from the lower boundary
layer, is observed to form compact regions of high circula-
tion near the trailing edge tip, which convect downstream.
In contrast, negative vorticity from the upper boundary
layer does not exhibit this behavior. Rather, the regions
of negative vorticity appear to be distributed between the
regions of positive vorticity and are composed of groupings
of smaller scale vortical motions.

These observations noted from Fig. 1 and similar obser-
vations made from other realizations have led to a number
of hypotheses about the nature of the sound produced by
this trailing edge. Specifically, the character of the small-
scale turbulent motions in the vicinity of the edge appears
to be dependent on the ‘‘phase’’ location of the large scale
instability. This suggests that the broadband sound pro-
duced by the smaller scale motions may also be modulated
at the vortex shedding frequency. In the following section,
the PIV results will be phase averaged to the vortex shed-
ding phase in order to highlight the features of the turbulent
flow that are responsible for tonal versus broadband sound.

2.2. Phase averaged PIV

The velocity field can be separated into a phase mean
and a fluctuation about that value. This assumes that a per-
iod T exists for the vortex shedding process and that each
PIV realization is representative of a particular phase in
this process. A phase averaged decomposition can be for-
mally written in terms of the vortex shedding phase / as

uiðtÞ ¼ Uið/Þ þ u0ið/; tÞ. ð3Þ
This is similar to a Reynolds decomposition except that the
mean is a function of the vortex shedding phase, and the
fluctuations are taken about that mean rather than a time
average. The implication of (3) is that the phase mean rep-
resents the turbulent motions associated with the vortex
shedding instability with all other turbulent scales averaged
out. The remaining small-scale turbulent motions are in-
cluded in the phase fluctuating component of velocity
u0ið/; tÞ. Thus, this decomposition allows for the separation
the turbulent motions responsible for noise generated in
the tonal and broadband frequency regimes. This interpre-
tation is justified given the linearity of the inhomogeneous
wave equation (1).
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The application of (3) necessitates the determination of /
for each PIV image. This was accomplished by developing a
method using a Karhunen–Loeve (KL) decomposition of
the velocity field into its respective eigenmodes. The present
application of this decomposition is distinct from proper
orthogonal decomposition (POD) (Holmes et al., 1996),
although the principal is essentially the same. The stream-
wise component of velocity can be represented as

uðx; y; tÞ ¼
XN

i¼1

aiðx; tÞ � Uiðx; yÞ; ð4Þ

where Ui are the discrete eigenvectors determined from the
cross-correlation matrix evaluated at each stream-wise po-
sition and the coefficient ai represents the amplitude of
mode Ui at each instant of time. For this application the
number of discernible eigenvectors was limited to the num-
ber of measurement points in the normal direction
(N = 130). It was found from the present measurements
Fig. 3. Profile of the first eigenvector obtained from the Karhunen–Loeve
decomposition of the flow field. The y dimension has been nondimen-
sionalized by the model thickness (t = 50.8 mm).

Fig. 4. Contours of vorticity as a fun
that the first eigenvector was related to the large scale vor-
tical structures generated by the wake instability. Fig. 3
shows the profile of this eigenvector as a function of y

nondimensionalized by the model thickness. The projection
of this eigenmode onto an instantaneous PIV realization
obtained at time t0 produced a spatial distribution of the
coefficient a1(x, t0), whose value was dependant on the
stream-wise distribution of the large scale wake instability
observed in Fig. 1. The shedding phase of this PIV realiza-
tion was determined from an analysis of the phase of
a1(x, t0). Specifically, the local extrema of a1(x, t0) were
located and the phase determined by the stream-wise posi-
tion of the local maxima. The / = 0 condition was chosen
at an arbitrary location in the shedding process. This pro-
cedure was repeated for each PIV realization. Additional
details about the specific algorithms used to phase average
the velocity field can be found in Shannon and Morris
(2004).

Fig. 4 shows an illustration of the phase averaged vortic-
ity field as a function of the vortex shedding phase. As the
phase progresses the positive vorticity from the lower
boundary layer separates from the model surface, ‘‘rolls
up’’ into the low momentum region behind the trailing edge,
and convects downstream. These large scale structures
remain coherent as they are accelerated downstream. The
phase average of the negative vorticity originating from
the upper boundary layer forms larger regions of more
diffuse vorticity. The compact regions of positive vorticity
appear to ‘‘impinge’’ on the negative vorticity as it is shed
more gradually into the upper shear layer. This causes the
negative (phase averaged) vorticity to be spread relatively
uniformly between the compact regions of positive vorticity.

The phase averaged turbulent kinetic energy is defined
as

kð/Þ ¼ 1

2
ðu01ð/; tÞ

2 þ u02ð/; tÞ
2Þ; ð5Þ

where the subscripts 1 and 2 represent the phase fluctuating
parts of the stream-wise and normal components of the
velocity field, respectively. It should be noted that the
ction of vortex shedding phase.



Fig. 5. Contours of turbulent kinetic energy as a function of vortex shedding phase.
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contribution of the spanwise component of velocity to the
turbulent kinetic energy was ignored because of the ab-
sence of velocity data in this direction. The phase averaged
k(/) values can be interpreted to be the ‘‘energy’’ contained
in the turbulent motions that are not associated with the
vortex shedding. The implication being that k(/) is a mea-
sure of the relative strength of the motions responsible for
the production of broadband noise. Fig. 5 shows the phase
averaged turbulent kinetic energy as a function of phase.
Although the turbulent motions represented by k(/) are
distinct from the vortex shedding motions, it is clear from
the contours in Fig. 5 that the small-scale fluctuations are a
strong function of the shedding phase. Specifically, the
magnitude of k(/) varies by a factor of 2 or more in the
vicinity of the sharp edge. By viewing Figs. 4 and 5 simul-
taneously it can be observed that the largest values of k(/)
are associated with the roll up of the lower boundary layer.
One could hypothesize that most of the turbulence respon-
sible for broadband acoustic scattering originates from the
lower boundary layer as well. This would imply that there
may be a stronger correlation between the radiated broad-
band sound and the small-scale turbulence inherent to the
lower boundary layer than would be seen for the upper
boundary layer turbulence.

The observations made from the phase averaged vortic-
ity and turbulent kinetic energy further support the notion
that the surface pressures and far field acoustics will have a
broadband signature that is amplitude modulated at the
vortex shedding frequency. These ideas will be further sup-
ported in the following section through direct measure-
ments of the surface pressure and the radiated sound field.

3. Surface and acoustic pressure measurements

Data acquired in the AWT included simultaneous far
field acoustic pressure and unsteady surface pressure. Sound
pressure levels were acquired utilizing a phased array con-
sisting of 40 microphones. The array center was positioned
1.08 m from the center span of the sharp trailing edge. Gen-
eral information about phased microphone array design and
processing techniques can be found in Underbrink (1995)
and Dougherty and Mueller (2002). Information relevant
to the specific arrays and measurement techniques used in
this project can be found in Olson and Mueller (2004).
The unsteady surface pressure was measured utilizing two
condenser microphones that were flush mounted to the
upper and lower surfaces of the model 12.5 mm upstream
of the trailing edge. This location was chosen because most
of the acoustic scattering occurs at the sharp edge.

The tonal and broadband frequency contributions to the
surface pressure and acoustic pressure signals can be inves-
tigated independently. These two ‘‘parts’’ of the time series
were separated utilizing a digital Butterworth filter over
different frequency ranges. The tonal contributions of a
pressure signal ptonal(t) were identified by band pass filter-
ing the data about the vortex shedding frequency. The
result being that only the frequency range related to the
large scale wake instability was retained. The broadband
contribution of a pressure signal php(t) can be investigated
by high pass filtering above the vortex shedding frequency.
This retained only the frequencies that are related to the
smaller scale turbulent motions.

The broadband pressure fluctuations (surface and
acoustic) as a function of the vortex shedding phase are
of particular interest. The PIV results imply that the
small-scale turbulence is modulated by the wake instability.
Therefore, the broadband surface pressure and radiated
sound pressure, created by this small-scale turbulence,
would also be expected to exhibit this dependence on the
vortex shedding phase. Phase averaging the high pass fil-
tered pressure signal required a time series of the vortex
shedding phase for the data acquired. This was accom-
plished by computing ptonal(t) for the signal from the
unsteady surface pressure sensor located in the separated
region of the trailing edge. The result was a nearly sinusoi-
dal signal whose phase was easily determined. The phase at
each instant of time was obtained by finding local extrema
of ptonal(t) and separating the points between local maxima
into 15 phase bins. Each measurement point was then
assigned to a phase bin such that the broadband pressure



Fig. 6. Phase fluctuating part of broadband unsteady surface pressure signal. Referenced to the broadband root mean square pressure.

Fig. 7. Broadband sound as a function of vortex shedding phase.
Referenced to the broadband root mean square pressure.
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fluctuations became a function of both time and phase
php(/,t). The unsteady statistics of php(/,t) as a function
of phase were found by ‘‘sorting’’ the data points into
the appropriate phase bins and computing the root mean
square value of each bin

~phpð/Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
phpð/;tÞ2

q
; ð6Þ

where the overbar represents a time average of the realiza-
tions for a given / value.

3.1. Phase averaged surface pressure

Fig. 6 shows the modulation of the root mean square
pressure in the broadband frequency range with shedding
phase. The data are plotted on a decibel scale referenced
to the total root mean square value of the high pass filtered

pressure fluctuations
ffiffiffiffiffiffi
p2

hp

q
. Two vortex shedding cycles are

displayed to show the periodicity of the data. Both surface
pressure sensors show an oscillation with the shedding
phase. These data demonstrate that the magnitude of the
high frequency surface pressure fluctuations is modulated
by the vortex shedding process. The modulations observed
for the suction side sensor are observed to be larger that
those on the pressure side. The higher momentum fluid
attached over the pressure side sensor may not be as easily
distorted by the vortex shedding motions as the fluid in the
stagnant separated region.

The broadband surface pressure modulation appears to
be a function of the Reynolds number. This dependence is
curious because the phase modulations observed in Fig. 6
have been normalized by the total broadband surface pres-
sure fluctuations. This suggests that for flow regimes where
vortex shedding is present the amplitude modulation of
broadband sound may be more prevalent at larger Rey-
nolds numbers.

3.2. Phase averaged acoustic pressure

The phase modulation of the broadband noise measured
by the phased microphone array is illustrated in Fig. 7. It
can be seen that the oscillations about the phase mean were
not as sinusoidal as was observed for the surface pressure.
Rather, the oscillations remain below the phase mean for
the majority of the shedding cycle and then ‘‘spike’’ well
above this threshold for approximately 3/8 of the cycle.
An apparent phase shift of the broadband ‘‘spike’’ was also
observed for the lowest Reynolds number case. The same
Reynolds number dependence of the phase averaged sur-
face pressure seen in Fig. 6 was not observed for the phase
averaged broadband noise. This may have resulted from
the increase of unwanted (parasitic) sound produced by
the operation of the AWT at the higher free stream veloc-
ities. However, the hypothesis of modulated broadband
noise due to the large scale vortex shedding is still sup-
ported by these results.
4. Conclusions and discussion

Spatially resolved velocity data collected in the near
wake of a trailing edge have revealed the presence of an
asymmetric von Karmen wake instability. Phase averaging
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these data with respect to the vortex shedding has allowed
for the separation the turbulent motions responsible for
noise generated in the tonal and broadband frequency
ranges. It was observed from the instantaneous and phase
averaged velocity data that the character of the small-scale
turbulence in the vicinity of the sharp trailing edge was
dependant on the phase of the vortex shedding motions.
The broadband unsteady surface pressure and far field
acoustic pressure generated by these motions would also
be expected to be a function of the shedding phase. Modu-
lations of the magnitude of the surface and far field acous-
tic pressure fluctuations with vortex shedding phase were
observed for measurements taken in an anechoic wind
tunnel.

The implication of the phase modulation of smaller tur-
bulent scales by the vortex shedding is that the turbulent
length scales relevant to the propagation of acoustic pres-
sure waves will also be a function of the phase. This may
be an influential factor to account for when modeling the
sound generated by a trailing edge flows with vortex shed-
ding. The behavior of the far field acoustics about a phase
reference could be an important feature in the modeling of
trailing edge noise.
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