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Abstract Trailing edge and wake flows are of interest for a wide range of
applications. Small changes in the design of asymmetrically beveled or semi-
rounded trailing edges can result in significant difference in flow features which
are relevant for the aerodynamic performance, flow-induced structural vibra-
tion and aerodynamically generated sound. The present study describes in
detail the flow field characteristics around a family of asymmetrically beveled
trailing edges with an enclosed trailing-edge angle of 25∘ and variable radius
of curvature 𝑅.

The flow fields over the beveled trailing edges are described using data
obtained by Particle Image Velocimetry (PIV) experiments. The flow topology
for different trailing edges was found to be strongly dependent on the radius of
curvature𝑅, with flow separation occurring further downstream as𝑅 increases.
This variation in the location of flow separation influences the aerodynamic
force coefficients, which were evaluated from the PIV data using a control
volume approach. Two-point correlations of the in-plane velocity components
are considered to assess the structure in the flow field. The analysis shows
large-scale coherent motions in the far wake, which are associated with vortex
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shedding. The wake thickness parameter 𝑦𝑓 is confirmed as an appropriate
length scale to characterize this large-scale roll-up motion in the wake. The
development in the very near wake was found to be critically dependent on 𝑅.
In addition, high-speed PIV measurements provide insight into the spectral
characteristics of the turbulent fluctuations. Based on the time-resolved flow
field data, the frequency range associated with the shedding of coherent vortex
pairs in the wake is identified. By means of time-correlation of the velocity
components, turbulent structures are found to convect from the attached or
separated shear layers without distinct separation point into the wake.

Keywords First keyword ⋅ Second keyword ⋅ More

1 Introduction

The flow over the trailing edge of an airfoil is an important topic that affects
many aspects of engineering design. For instance, the lift and drag characteris-
tics of an airfoil are highly sensitive to the trailing-edge shape. A sharper trail-
ing edge will generally provide superior aerodynamic characteristics [Blake,
1986]. However, scattering of turbulent pressure fluctuations from the sharp
edge leads to efficient production of radiated sound [Amiet, 1976]. This mech-
anism of sound generation often dominates at higher frequency (𝑓𝑐/𝑎𝑜 ≫ 1,
where 𝑓 is frequency, 𝑐 is chord length, 𝑎𝑜 is acoustic speed), particularly in
turbomachinery applications (e.g. fans, propellers, wind turbines) [Blake, 1986,
Roger and Moreau, 2004]. Unsteady surface pressure fluctuations can also lead
to structural vibration and material fatigue under long term exposure. Hence,
first considerations related to sound and vibration can motivate thicker, blunt
trailing edge shapes. On the downside, this design choice can lead to strong
and coherent vortex shedding, which may cause additional and potentially
even more severe sound and vibration issues. Design of trailing edges for low
sound and vibration while maintaining aerodynamic performance therefore re-
quires understanding of the flow field in the wake, as well as identification of
the relevant parameters that influence its characteristics.

Sound radiation from trailing edges has been treated analytically in the
works of Ffowcs Ffowcs Williams and Hall [1970], Howe [1975, 1976], Amiet
[1976], Blake [1986], and others. On the experimental side, a large number
of studies have been reported since the identification of edge noise as one
of the dominant airfoil self-noise mechanisms in low Mach number flow. For
instance, Olsen and Boldman [1979] utilized a horizontal, circular array of con-
denser microphones to measure the radiated sound generated by various trail-
ing edges and the corresponding flow pattern was determined by hot-wire
measurements. Schlinker [1977] measured the trailing-edge noise generated by
NACA 0012 and NACA 0018 airfoil profiles using highly directional micro-
phone systems in order to reduce the contribution of parasitic (unwanted)
noise sources. He noted that the sound radiated from the trailing edges of
symmetric airfoils is strongly affected by the development of the turbulent
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boundary layer. Brooks and Hodgson [1981] conducted extensive surface pres-
sure and acoustic measurements and described an experimental methodology
for noise prediction from the statistics of the measured unsteady surface pres-
sure. Later, Devenport et al. [2001] measured two-point correlations of the
velocity field in the near wake of a NACA 0012 airfoil employing hot-wire
anemometry. Although the data provided valuable information regarding the
spatial and temporal scales of the wake flow, the correlation approach does
not facilitate a detailed understanding of the noise generation mechanism and
underlying flow dynamics. Moreover, hot-wires are not well-suited for blunt
trailing-edge flows where the near wake flow is separated and recirculating.
More recently, Shannon and Morris [2006] and Nakano et al. [2006] utilized
phase-averaged PIV to describe the flow field around a trailing edge. Utiliz-
ing time-resolved PIV, Pröbsting et al. [2014b] experimentally described the
boundary layer flow over a NACA 0012 generating tonal noise. Downstream
convecting vortical structures were found to coherently pass the trailing edge
at a frequency equal to that of the dominant tone. Recently, Pröbsting et al.
[2015] described a methodology for the prediction of broadband noise radiation
due to the interaction of the turbulent boundary layer with the trailing edge
based on the reconstructed pressure field based on high-speed tomographic
PIV measurements. Due to the information it provides in both space and
time, high-speed PIV constitutes an excellent tool for the study of the aeroa-
coustic source field, in particular in the confined region around trailing edges
[Morris, 2011].
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Fig. 1 Parametric representation of beveled trailing edge.

In an attempt to systematically study trailing edge flows for flat struts,
Blake and co-workers [Blake, 1975, 1984, Gershfeld et al., 1988] introduced a
class of semi-rounded (also: asymmetrically beveled) trailing edges. The mem-
bers of this class can be characterized by an angle 𝜃, which is enclosed between
the surfaces at the trailing edge, and the ratio of radius of curvature of the
rounded part 𝑅 over the plate thickness 𝑇 (Figure 1). 𝑅/𝑇 = 0 results in
an obtuse corner on the upper surface. For 𝑅/𝑇 > 0, an arc with the re-
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spective radius of curvature is tangent to both the upper, horizontal surface
and the inclined surface at the trailing edge. Generally, the details of the
flow field depend on the geometry (𝜃, 𝑅/𝑇 ) and on the flow conditions, given
by Reynolds number (Re = 𝑢∞𝑇/𝜈, where 𝜈 is the kinematic viscosity) and
the bluntness parameter (𝑇/𝛿★, where 𝛿★ is the boundary layer displacement
thickness). Larger radii of curvature (𝑅/𝑇 ) and Reynolds numbers (Re) result
in delayed separation on the upper surface towards the trailing edge. Con-
versely, for larger values of 𝜃 a larger region of separated and reverse flow is
expected [Blake, 1986]. Since the introduction of this geometry, it has served
as test case for sound and vibration studies on trailing edges due to the variety
of flow conditions that can be reproduced, including mildly adverse pressure
gradients and large-scale separation. Most of these works focused on families
with comparatively blunt (𝜃 = 45∘) and sharp (25∘) trailing edges, which show
marked differences in flow structure and related noise emission as pointed out
by Blake [1984].Specifically trailing edges with 𝜃 > 30∘ are likely to produce
vortex shedding due to separation and thus tonal noise, while for sharper edges
noise is primarily of broadband nature.

The case with 𝜃 = 45∘ (𝑅/𝑇 = 2.5) was first investigated by Blake [1975] in
a series of well-defined experiments on the unsteady flows around squared-off
and asymmetrically beveled trailing edges. He reported strong vortex shed-
ding in the wake and introduced a set of scaling parameters used to describe
the flow structure, namely the wake thickness parameter 𝑦𝑓 and the veloc-
ity 𝑈𝑠 along the so-called free streamline at separation, which was defined by
Roshko [1954]. With these scaling parameters, the dimensionless angular shed-
ding frequency was found to be close to unity at 𝜔𝑠𝑦𝑓/𝑢𝑠 ≈ 1 (𝜔 = 2𝜋𝑓 , with
𝑓 the ordinary frequency). In an early numerical study, Knight and Peltier
[1997] simulated the flow around a 45∘ trailing edge similar to the one used in
Blake’s experiments[Blake, 1975] by an unsteady, two-dimensional Reynolds-
averaged Navier-Stokes (RANS) method. The predicted shedding frequency
was consistent with the experimental results, while a good qualitative agree-
ment was found for pressure-velocity correlations and turbulence intensity.
Later, Manoha et al. [2000] performed a Large-Eddy Simulation (LES) of the
incompressible flow around the blunt trailing edge of a thick plate. While the
shedding frequency was in good agreement with the results of Blake [1975], the
solution showed vortex shedding with a three-dimensional instability mecha-
nism, which could not be captured in earlier simulations. Wang [2005] utilized a
similar LES approach to simulate the flow field and related acoustic sources to
predict the radiated sound from a 45∘ (𝑅/𝑇 = 2.5) trailing edge. The solution
was validated against the experimental measurements of Olson and Mueller
[2004]. Also in this case, large and spanwise coherent vortices in the wake
were found to shed into the wake. In order to analyze the shedding process
in greater detail, Shannon and Morris [2006] employed planar, low-repetition-
rate PIV measurements in the wake of a similar 45∘ trailing edge and used the
results to describe the phase-averaged shedding cycle. They reported asym-
metric periodic vortex shedding to occur at a constant shedding frequency
𝜔𝑠𝑦𝑓/𝑢∞ = 1.15, where 𝑢∞ is the free stream velocity. The authors described
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the character of the small-scale turbulence in the vicinity of the sharp trailing
edge to be dependent on the phase of the large-scale vortex-shedding motion.

Sharper beveled trailing edges with an enclosed angle of 𝜃 = 25∘ were
studied extensively by Blake[Blake, 1975, 1984, 1986]. In comparison to the
case with 𝜃 = 45∘ discussed above, such geometries do not generally exhibit
pronounced vortex shedding and tonal noise. Wang and Moin [2000] utilized
an LES method to compute the flow around a similar 25∘ (𝑅/𝑇 = 4) edge and
did not observe coherent vortex shedding. Instead, on a statistical basis the
authors reported an increase in the time scales and spanwise correlation over
the separated flow region. Kunze et al. [2002] presented preliminary acoustic
measurements of two geometries including a beveled edge with an enclosed
angle of 𝜃 = 30∘. They found a knuckle-beveled trailing edge (𝑅/𝑇 = 0)
to generate tonal noise resulting due to vortex shedding while the rounded-
beveled edge (𝑅/𝑇 = 4) exhibited primarily broadband noise. Related to the
present work, Pröbsting et al. [2014a] presented the flow field and radiated
sound of a 25∘ beveled trailing edge with large radius of curvature (𝑅/𝑇 = 10)
using high-speed and tomographic PIV. At such large radius of curvature, the
boundary layer remains attached up to the trailing edge and the results showed
small-scale vortical structures with comparatively low convective velocity close
to the surface in the adverse pressure gradient flow.

Despite the large number of previous studies on beveled trailing edges,
questions with regard to the influence of the main geometric parameters (𝜃,
𝑅/𝑇 ) remain open since the majority of the studies cited above focused on
a single geometry or on a small subset thereof. However, comparison of these
results suggests that small changes in geometry can have a large effect on
important flow features related to the size and coherence of the wake. This
holds in particular for the the radius of curvature 𝑅/𝑇 . To identify and char-
acterize the effect of small changes in geometry, the present study is set to
describe in detail the wake flow for a large family of 25∘ trailing edges with
radii of curvature 0 ≤ 𝑅/𝑇 ≤ 10. This family of trailing edges allows for a
systematic study of flow fields with conditions ranging from separated flows
with large scale unsteady vortex shedding to fully attached, adverse pressure
gradient boundary layers and near-steady wakes. By changing the curvature of
the upper surface, the extents of the adverse pressure gradient and separated
flow regions likewise change. A detailed flow field description is obtained by
planar, two-component, statistical and time-resolved PIV measurements. The
mean flow topology, turbulence characteristics, and correlations of the veloc-
ity fluctuations in the shear layers are discussed and related to the results
reported in literature.
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2 Experimental setup and methods

2.1 Airfoil geometry and boundary conditions

The airfoil models were constructed as a flat strut with a uniform cross section
across the span, similar to the ones used in previous studies [Blake, 1975,
1984] with a maximum thickness of 𝑇/𝑐 = 5.6% relative to the chord 𝑐. The
cross section of the leading edge component of the airfoil was a five-to-one
aspect ratio semi-ellipse. The trailing-edge component was exchangeable and
the different geometries utilized are described in the following. To ensure a
turbulent boundary layer flow upstream of the trailing edge, transition was
forced at a location quarter chord downstream of the leading edge (𝑥/𝑐 =
−0.75) on both sides of the airfoil. The plate was fixed at zero incidence for
all experiments.

The measurement program was divided into two separate measurement
campaigns. A first part was conducted on large-scale models using low-repetition-
rate PIV for a large field-of-view (FOV) at the University of Notre Dame. Here,
the chord, thickness, and span of the model was 𝑐 = 914mm, 𝑇 = 50.8mm,
and 𝐿 = 610mm, respectively, and the tests were conducted at Reynolds num-
ber Re = 1.1× 106 (free-stream reference velocity 𝑢∞ ≈ 20m/s, measured on
the lower side at the location of the trailing edge). The tripping devices con-
sisted of randomly distributed 3D roughness elements (sand grain, nominal
size 290𝜇m) over a width of 25mm, resulting in a boundary layer thickness
𝛿 = 8.6mm and displacement thickness 𝛿★ = 1.2mm for the turbulent bound-
ary layer at 𝑥/𝑇 = −5.5 (bluntness parameters 𝑇/𝛿 = 5.9 and 𝑇/𝛿★ = 42.3)
at a Reynolds number of Re = 1.1× 106. Figure 2 shows the family of asym-
metrically beveled trailing edges chosen, consisting of seven geometries with
𝜃 = 25∘ with 0 ≤ 𝑅/𝑇 ≤ 10.

−4 −3 −2 −1 0 1
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Fig. 2 The family of 𝜃 = 25∘ asymmetrically beveled trailing edge for 𝑅/𝑇 = 0, 1, . . . , 10.
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Table 1 Geometric parameters and flow conditions for measurements on large-scale and
small-scale models with low-repetition-rate and high-speed PIV, respectively.

parameter symbol large-scale models small-scale models
model chord 𝑐 914mm 360mm
model span 𝑆 60.96mm 400mm
model thickness 𝑇 50.8mm 20mm
trailing edge angle 𝜃 25∘ 25∘
radius of curvature 𝑅/𝑇 0, 1, 2, 4, 6, 8, 10 0, 4, 10
free-stream velocity 𝑢∞ 20m/s 18.4m/s
chord Reynolds number Re𝑐 = 𝑢∞𝑇/𝜈 1.1× 106 0.42× 106

bluntness parameter 𝑇/𝛿 5.9 3.1
𝑇/𝛿★ 42.3 18.2

The second campaign was conducted with high-speed PIV and a smaller
field of view (FOV) on the curved part of the upper surface at Delft Univer-
sity of Technology. The models used in these experiments were geometrically
similar, but smaller in scale with chord 𝑐 = 360mm, thickness 𝑇 = 20mm,
and span 𝐿 = 400mm [Pröbsting et al., 2014a]. Tests were conducted at
Reynolds number Re = 0.42 × 106, corresponding to a free-stream reference
velocity of 𝑢∞ around 18.4m/s. Transition was enforced by randomly dis-
tributed 3D roughness elements (nominal size 840𝜇m) over a width of 10mm,
resulting in a boundary layer thickness of 𝛿 = 6.5mm and displacement thick-
ness 𝛿★ = 1.1mm for the turbulent boundary layer on the lower surface at
𝑥/𝑇 = −2.5 (bluntness parameters 𝑇/𝛿 = 3.1 and 𝑇/𝛿★ = 18.2) at a Reynolds
number of Re = 0.42× 106. A subset of the members of the trailing edge fam-
ily investigated in the first campaign was selected (𝑅/𝑇 = 0, 4, 10). Table 1
provides an overview of the relevant parameters related to geometry and flow
conditions for the two campaigns.

2.2 Facilities and flow field measurements

Figure 3 shows a schematic of the set-up for the PIV measurements on the
large-scale models in the 1.83𝑚 long closed test section of a open-loop, indraft
wind tunnel. A uniform mean velocity ranging from 10 to 33𝑚/𝑠 parallel to
the test section can be produced by the tunnel with turbulence intensity of
0.4% or less. The cross section of the closed test section was 0.61m by 0.61m
and the model was mounted between side plates to ensure spanwise homo-
geneous flow statistics. A LaVision PIV system with a pair of CCD cameras
(2048 × 2048px,7.4𝜇m pixel pitch) was used for data collection. The cameras
were equipped with Nikon Micro-Nikkor 105mm prime lenses. The FOV for
each camera is indicated in Figure 3. Illumination was provided by a dual
pulsed 120mJ Nd:YAG laser (wavelength 532nm). A light sheet around the
trailing edge was formed with a thickness of 1mm through a 45∘ mirror and
beam spreader positioned downstream. A fluorescent paint containing Rho-
damine 6G was utilized to coat the surface of the model in order to reduce the
reflections from the surface. The synchronization of laser pulses and camera
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exposures was controlled by a Programmable Timing Unit. The seeding par-
ticles were generated by a Topas ATM 230 aerosol generator which produces
droplets of olive oil with diameters ranging from 0.2 to 1𝜇m. The particles
were mixed before release into the flow by a particle diffuser consisting of a
bank of five small fans, which mixed the particles with the surrounding fluid.
The volume flow through the particle diffuser was adjusted such that the out-
let velocity of the diffuser was equal to the inlet velocity of the tunnel. This
produced a comparatively homogeneous particle distribution in a stream-tube
that included only the region of measurement.

1000 image pairs were acquired simultaneously by both cameras at an ac-
quisition frequency of 𝑓𝑠 = 3Hz and pulse separation 𝛥𝑡 = 100𝜇𝑠. The particle
displacement was computed using the cross-correlation technique implemented
in the software package LaVision DaVis. Prior to correlation, the intensity of
the recorded images was normalized. Image cross-correlation was performed
with a final interrogation window size of 64px, 75% overlap, and with a two-to-
one streamwise-elongated Gaussian window weighting. As predictor, an initial
interrogation window shift equivalent to the displacement of the particles in
the free stream was applied.

Uncertainty in PIV measurement is influenced by the uniformity of seed-
ing particles, the camera focus, and the illumination of the particles in each
interrogation window. Thus, uncertainty can vary over the measurement re-
gion and between PIV realizations. An estimate of the uncertainty of PIV
measurements for present study can be made assuming a subpixel accuracy of
0.1 pixels (typically reported for planar PIV experiments [Raffel et al., 2007]),
which corresponds to a particle displacement accuracy of 0.0143 mm, implying
that the velocity measurements have an uncertainty of approximately 0.63%
when compared to the free stream velocity. This estimates agrees with the
measured root mean square of the velocity in regions where the flow is nomi-
nally steady.

High-speed PIV experiments on the small scale models were conducted in
an open-jet facility at Delft University of Technology as shown in Figure 4.
The wind tunnel has a speed range of about 5 to 35 m/s. There is a straight
part after the contraction for straightening the flow. The turbulence level is on
the order of 0.5%. The jet had a square nozzle outlet of 0.4m by 0.4m and the
airfoil was mounted vertically. At the top and at the bottom of the test section,
side plates were mounted flush to the exit nozzle to restrict the expansion of
the open jet in the spanwise coordinate direction and avoid 3D flow effects.
Two Photron Fastcam SA1.1 (1Mpx, 12bit resolution, 20𝜇m pixel pitch) were
used for image acquisition and operated with a reduced active sensor area
(1024×512px) for the high-speed acquisition. The cameras were equipped with
Nikon Micro-Nikkor 105mm prime lenses and positioned on opposite sides (top
and bottom) of the test section with a small offset in the streamwise coordinate
direction (Figure 4). The aperture number was set to a 𝑓# = 5.6 to capture
sufficient light. At such high aperture the particle images are small, which
results in partial peak locking. To reduce this effect, the particle images were
slightly defocused [Overmars et al., 2010]. The resulting FOV encompassed
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Fig. 3 Schematic of low-repetition-rate PIV experiment on large-scale models.
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Fig. 4 Schematic of high-speed PIV experiment on small-scale models.

the trailing edge and upper-surface boundary layer. A Quantronix Darwin
Duo Nd:YLF laser (2 × 25mJ at 1kHz) illuminated the particles through an
arrangement of light-sheet forming optical elements over the FOV. The flow
was seeded upstream of the settling chamber with evaporated water-glycol
based fog fluid having a mean particle droplet diameter of 1𝜇m.

5000 image pairs were acquired at an acquisition frequency of 𝑓𝑠 = 5kHz
with a time separation equivalent to a particle displacement of approximately
15px. LaVision DaVis was used for image interrogation employing an itera-
tive, multi-grid, multi-pass technique implementing window deformation and
Gaussian window weighting with a final interrogation window size of 16×16px.
Table 2 summarizes the parameters for the low-repetition-rate PIV experi-
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Table 2 Parameters for planar 2-component PIV on large-scale and small-scale models.

parameter symbol large-scale models small-scale models
PIV method low-repetition-rate PIV high-speed PIV
combined field of view FOV 561× 303mm2 42× 21mm2

magnification 𝑀 0.06 0.49
imaging resolution 7px/mm 24.4px/mm
interrogation window size 64× 64px2 16× 16px2

𝛿𝑥 × 𝛿𝑦 9.06× 9.06mm2 0.66× 0.66mm2

0.18𝑇 × 0.18𝑇 0.033𝑇 × 0.033𝑇
free-stream displacement 𝑑𝑥 ∼ 2.3mm 0.62mm

𝑑𝑥/𝑆 ∼ 16px 15px
acquisition frequency 𝑓𝑠 3Hz 5kHz
number of samples 𝑁 1000 5000

ments on the large-scale models and the high-speed PIV experiments on the
small-scale models.

3 Effect of the geometry on the mean flow

3.1 Mean velocity field and flow topology

Figure 5 shows the contours of the time-averaged streamwise velocity com-
ponent for three representative trailing edges (𝑅/𝑇 = 0, 4, and 10). These
trailing edges are selected to represent the range of conditions. Specifically,
these results illustrate a trailing edge with fixed separation point at the obtuse
corner(𝑅/𝑇 = 0), a trailing edge with an extended adverse pressure gradient
region and attached flow up to the trailing edge (𝑅/𝑇 = 10), and one be-
tween these two extremes (𝑅/𝑇 = 4). The velocity and spatial coordinates
are normalized by the free-stream reference velocity 𝑢∞ and model thickness
𝑇 , respectively. For comparison the contours for the mean velocity obtained
over the small-scale models (bounded by white dashed line) are overlaid over
those for the large-scale models. Even though the experiments were performed
within different facilities, with different models, and at different Reynolds num-
bers, a very good qualitative agreement is observed. The flow velocity on both
sides of the model remains very close to the free-stream value since little net
lift is created by the edge asymmetry. Some differences are noted and will be
discussed in the following.

The 𝑅/𝑇 = 0 case (Figure 5a) shows a large region of reversed flow over the
beveled side of the trailing edge downstream of the separation point, which is
indicated by the negative streamwise velocity component and bounded by the
model surface and separated shear layers. Two separation points can be iden-
tified: on the lower side, the boundary layer remains attached up to 𝑥/𝑇 = 0.
On the upper surface of the airfoil, boundary layer separation occurs upstream
at the discontinuity posed by the obtuse corner (𝑥/𝑇 = −2.1, 𝑦/𝑇 = 1). This
early separation on the upper surface results in a wake with a width approx-
imately equal to the plate thickness (∼ 𝑇 ). The results from the campaigns
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Fig. 5 Contour levels of the mean streamwise velocity component 𝑢/𝑢∞ for (a) 𝑅/𝑇 = 0,
(b) 𝑅/𝑇 = 4, (c) 𝑅/𝑇 = 10. Data for small-scale models are shown within the dashed
contours. The vertical, dashed line indicates integration contour used in section 3.2.

on the small- and large-scale models compare favorably in the lower half of
the wake region. The spread of the upper shear layer and extent of the sepa-
rated flow region was similar in both experiments. A small downward shift of
approximately 𝛥𝑦/𝑇 ≈ 0.05 is noted for the large-scale models at 𝑥/𝑇 = 1.
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For 𝑅/𝑇 = 4 (Figure 5b), the results shows a significantly smaller region of
reversed flow and a concomitant smaller wake when compared with 𝑅/𝑇 = 0
(Figure 5a). The rounded upper surface results in an acceleration of the po-
tential flow to a maximum velocity of approximately 𝑢/𝑢∞ ≈ 1.2 around
𝑥/𝑇 = −2.7, which has been reported earlier [Wang and Moin, 2000]. This
associated favorable pressure gradient results in a very thin boundary layer in
the region −3 < 𝑥/𝑇 < −1.5. Between −1.5 ≤ 𝑥/𝑇 ≤ −0.8, the boundary
layer thickens rapidly under the influence of the severe adverse pressure gra-
dient before separation at 𝑥/𝑇 ≈ −1.2. In contrast, the turbulent boundary
layer on the lower surface remains attached down to 𝑥/𝑇 = 0. In general,
the two different measurements are generally in both good quantitative and
quantitative agreement. At 𝑥/𝑇 ≈ 1, a slight discontinuity (𝛥𝑢/𝑢∞ ≈ 0.06)
is observed between the streamwise mean velocities obtained from the large-
and small-scale models indicating the large-scale model creates a longer sepa-
ration region in the streamwise direction. This is probably due to the higher
Reynolds number of the large-scale models.

With 𝑅/𝑇 = 10 (Figure 5c), the flow shows a strong acceleration of the
upper surface potential flow, which extends far upstream (not in the FOV) and
deceleration over the beveled part of the surface. The attached boundary layer
on the upper surface thickens gradually downstream of the acceleration region
under the influence of the adverse pressure gradient and attains a state close to
separation at 𝑥/𝑇 = 0, which is evidenced by a small region with inflectional
velocity profiles. At the Reynolds number shown here, reverse flow was not
identified in the mean streamwise velocity indicating that separation did not
occur in the time average. However, intermittent separation have occurred. As
the flow remains attached on both sides of the airfoil, the velocity deficit in
the wake of 𝑅/𝑇 = 10 is smaller than those of the other cases.

3.2 Aerodynamic performance

The effect of the radius of curvature 𝑅/𝑇 on the separation point influences the
overall aerodynamic characteristics of the airfoil. A measure for the integral
effect of the trailing edge geometry is provided by the lift and drag coeffi-
cients. These aerodynamic coefficients are estimated for each of the geome-
tries based on the time-mean velocity data using a control volume approach
[van Oudheusden et al., 2007, Adrian and Westerweel, 2010]. Under the as-
sumption of two-dimensional flow, the control volume is selected in the 𝑥− 𝑦
plane. The inflow boundary was chosen far upstream and the outflow boundary
was chosen downstream of the trailing edge, at a location where the stream-
lines are roughly parallel to the streamwise direction in order to ensure a small
pressure gradient. Streamlines in the free stream are selected to complete the
control volume at the top and bottom boundaries, which thus do not con-
tribute to momentum transfer. Moreover, the contribution to the forcing from
the viscous shear stress, Reynolds stresses and pressure at the boundaries of
the control volume is assumed negligible. With the forementioned assump-
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tions, the relevant balance for transfer of momentum consists in the difference
between the upstream boundary and that in the wake, where primarily a mo-
mentum deficit is observed. The definitions and approximations of the lift and
drag coefficients, 𝑐𝑙 and 𝑐𝑑 corresponding to the lift 𝑙 and drag 𝑑 per unit span,
are then given by

𝑐𝑙 =
2𝑙

𝜌𝑢∞2𝑐
≈ 2

∫∞
−∞ 𝑢(𝑦)𝑣(𝑦)𝑑𝑦

𝑢∞2𝑐
(1)

𝑐𝑑 =
2𝑑

𝜌𝑢∞2𝑐
≈ 2

∫∞
−∞

[
𝑢∞2 − 𝑢2(𝑦)

]
𝑑𝑦

𝑢∞2𝑐
(2)

Although the accuracy of the estimation is affected by the assumptions,
the spatial resolution of the PIV, and the limited field of view, the computed
lift and drag can provide trends for the effect of the trailing edge bluntness
on the aerodynamic characteristics of the airfoil. For the evaluation of the
aerodynamic coefficients in equations 1 and 2, the mean velocity field was
sampled along the 𝑦-coordinate direction at constant 𝑥/𝑇 = 3 (indicated by
black dashed line in Figure 5). Figure 6 shows the resulting values of the
aerodynamic force coefficients as a function of 𝑅/𝑇 . The lift coefficient (Figure
6a) increased with a roughly constant slope from 𝑅/𝑇 = 0 (𝑐𝑙 ≈ 0.0015) to
𝑅/𝑇 = 8, where the maximum value of the lift coefficient 𝑐𝑙 ≈ 0.0095 was
found. With a further increase in 𝑅/𝑇 , 𝑐𝑙 decreased slightly to about 0.009 for
𝑅/𝑇 = 10, albeit within the uncertainty of the measurement and computation.
The lift coefficients of the three trailing edge geometries discussed in section
3.1 are thus increasing for larger 𝑅/𝑇 as indicated in Figure 6a.
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Fig. 6 The coefficients of (a) lift 𝑐𝑙 and (b) drag 𝑐𝑑 for various trailing edge geometries
estimated based on the PIV data acquired over the large-scale model at Notre Dame, Re =
1.1× 106.

Figure 6b shows a sharp decrease for the drag coefficient as the radius of
curvature changes from 𝑅/𝑇 = 0 to 𝑅/𝑇 = 2. This sharp decrease in drag
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coefficient correlates with the increase in lift coefficient (Figure 6a) and is
probably related to a rapid shift of the separation point to a location further
downstream for geometries with radius of curvature 𝑅/𝑇 > 0. In particular,
for 𝑅/𝑇 = 0 the separation point is fixed at the obtuse corner on the upper
surface (Figure 5), which results in a large momentum deficit in the wake. For
𝑅/𝑇 > 0, the location of the separation point is dependent on the bluntness
parameter. Further decrease in bluntness (𝑅/𝑇 > 2) results in a smaller mo-
mentum deficit in the wake and a concomitant monotonic, albeit moderate,
decrease in drag coefficient. These general trends in both lift and drag coef-
ficient are thus consistent with expectations: a larger radius of curvature will
generally delay separation resulting in an increase in lift and a decrease in drag
coefficient. It is perhaps surprising, however, that the change from 𝑅/𝑇 = 2
to 𝑅/𝑇 = 8 resulted in a large change in lift (171%) with comparatively little
effect on the drag (38%). This is because as the airfoil bluntness (𝑇/𝑅) de-
creases, the separation of the upper-surface turbulent boundary layer occurs
further downstream. The delayed flow separation on the upper surface results
in significantly higher lift. Meanwhile, the vertical distance between upper-
and lower-surface separation points decreases comparatively slowly, and thus
the separation region shrinks slowly which results in smaller variation in drag.
It is of interest to observe that as 𝑅/𝑇 changes from 2 to 8, the decrease in
drag (38%) is close to the decrease in wake thickness (32%). This will be shown
in Section 3.4.

3.3 Turbulent fluctuations and Reynolds stresses

The components of the Reynolds stress tensor facilitate quantifying the overall
unsteadiness levels of the turbulent flow, whose integrated effect is responsible
for the production of surface pressure fluctuations. The latter are in turn
related to and can induce sound radiation and structural vibration which are
of great interest in engineering application. Therefore, this section discusses
the characteristics of the Reynolds normal and shear stresses in the wake of
the varied trailing edge geometries.

Figure 7 shows contour levels of root-mean-square of the streamwise veloc-

ity component fluctuations
√
𝑢′𝑢′/𝑢∞ which is equivalent to the square-root of

the streamwise normal component of the Reynolds stress tensor (left column)

and transverse velocity component fluctuations
√
𝑣′𝑣′/𝑢∞ (right column) for

the small-scale models (𝑅/𝑇 = 0, 4, and 10) in the very near wake, where
respectively 𝑢′ = 𝑢 − 𝑢 and 𝑣′ = 𝑣 − 𝑣. In all cases, the values outside of the
boundary layers and wake are below 0.5%, which does not indicate the true
free-stream turbulence level, but is a measure for the measurement uncertainty.

For 𝑅/𝑇 = 0 (Figure 7a), coherent regions of high
√
𝑢′𝑢′/𝑢∞ with local

maxima along the 𝑦-coordinate direction are found to originate from both the
lower and upper sharp corner. These local maxima coincide with the center
location of the shear layers observed in Figure 5a, represented by regions of
high mean shear ∂𝑢/∂𝑦. The magnitude of the streamwise mean velocity fluc-
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tuations reaches values of
√
𝑢′𝑢′/𝑢∞ ≈ 0.19 at 𝑥/𝑇 = −1.3 in the upper shear

layer, while it can reach 0.2 at 𝑥/𝑇 = 0.6 in the lower shear layer. It should be
noted that the upper shear layer develops almost parallel to the free-stream
direction after the detachment and up to 𝑥/𝑇 = 0, which indicates that sep-
aration occurs and is fixed at the obtuse corner in this case. The two shear
layers start to interact downstream of 𝑥/𝑇 ≈ 0.5 resulting in a sudden increase
in the shear layer thickness. Note that within the zone of reversed flow over
the upper, beveled surface the level of turbulent fluctuations is comparatively
low.

For the 𝑅/𝑇 = 4 case (Figure 7c), flow separation occurs further down-
stream near 𝑥/𝑇 = −1.2 on the upper surface (Figure 5b). Thus, production
of turbulent kinetic energy in the free shear layer, indicated by local maxima

of
√
𝑢′𝑢′/𝑢∞, is also observed further downstream. Related to the downstream

shift of the separation point and with the flow detaching from the surface tan-
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gentially, the shear layer is inclined with respect to the free stream direction at
an angle of approximately 15∘. Its thickness increases gradually downstream.
A change of the inclination with adaptation closer to the free-stream flow di-
rection is observed with transition to the wake at 𝑥/𝑇 ≈ 0.25. When compared
to 𝑅/𝑇 = 0 (Figure 7a, left), the levels of the streamwise velocity fluctuations

in both shear layers are comparatively lower. In this case,
√
𝑢′𝑢′/𝑢∞ attains

a maximum of 0.15 at 𝑥/𝑇 = −0.1 in the upper shear layer, which is slightly
lower than that found for the 𝑅/𝑇 = 0 case. This is because 𝑅/𝑇=0 results in
a sharp separation at the obtuse corner and a very thin upper shear layer. The
instability of the upper shear layer, coupled with the significant interaction
with the opposite shear layer, results in high levels of velocity fluctuations. In
contrast, 𝑅/𝑇=4 case results in a more gradual separation, and hence a thicker
upper shear layer immediately after separation which produces comparatively
low levels of velocity fluctuations. Note that the upper and lower shear lay-
ers remain distinct downstream, which is indicated by the local minimum of√
𝑢′𝑢′/𝑢∞ in between.

With 𝑅/𝑇 = 10 (Figure 7e), the boundary layer over the upper surface
remains attached as noted in the discussion of Figure 5c. The maximum value

of the turbulent streamwise fluctuations is approximately
√
𝑢′𝑢′/𝑢∞ = 0.11

at 𝑥/𝑇 = −0.23 in the upper shear layer and 0.13 in the lower shear layer at
𝑥/𝑇 = 0.07, and thus markedly lower when compared to the cases with smaller
radius of curvature. The local maximum steamwise fluctuating components
along the 𝑦-coordinate direction appears at larger wall-normal coordinates at
locations downstream of 𝑥/𝑇 = −0.5, which indicates that the boundary layer
on the upper surface is very close to separation although reversed flow is not
observed in the time-mean results (Figure 5c).

The right column of Figure 7 shows contours of the fluctuation levels for

the transverse velocity component
√
𝑣′𝑣′/𝑢∞ for the same three cases. This

is often referred to as the upwash velocity component, and is of particular
interest as the unsteady lift on the model and the radiated sound can be
related to the unsteady transverse velocity component in the wake [Amiet,
1975, Howe, 1999]. For the 𝑅/𝑇 = 0 case (Figure 7b), the maximum value

of
√
𝑣′𝑣′/𝑢∞ in the center of the upper shear layer is 0.14. The fluctuations

in the lower shear layer are largest close to 𝑥/𝑇 = 1 with values in excess
of 0.2, because of the interaction of the two shear layers and the formation
of coherent vortex pairs. With 𝑅/𝑇 = 4 (Figure 7d), the maximum upwash
velocity in the upper shear layer is around 0.13, which is close to that for

𝑅/𝑇 = 0. However, the highest observed values of
√
𝑣′𝑣′/𝑢∞ over the lower

surface are about 0.11, which is significantly smaller than in the 𝑅/𝑇 = 0 case
and probably because of the weak interaction between the shear layers. For
𝑅/𝑇 = 10 (Figure 7f), both boundary layers remain attached up to the actual

trailing edge (𝑥/𝑇 = 0,𝑦/𝑇 = 0). The maximum
√
𝑣′𝑣′/𝑢∞ in both shear layers

is approximately 0.09 and thus smaller than those in the separated cases.The
smaller fluctuations in this case are attributed to the lower amplification in
the attached boundary layer when compared to the free shear layer.
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Mohsen [1968] suggested that the local maximum Reynolds shear stress
𝑢′𝑣′𝑚𝑎𝑥, defined as the maximum value of the 𝑢′𝑣′ profile along the direction
normal to the solid surface, may be correlated to the large pressure fluctua-
tions. Simpson et al. [1987] and later Na and Moin [1998] showed that scaling
the wall pressure spectra using the local maximum Reynolds shear stress re-
sults in a better collapse for different streamwise locations under a separated
shear layer. This procedure thus provides a more universal scaling approach.
Therefore, although all Reynolds stress components are indicative of the tur-
bulence intensity within the developing shear layer, the characteristics of the
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Reynolds shear stress are of great interest. Figure 8 shows the contours of the
𝑢′𝑣′/𝑢∞2 component of the Reynolds stress tensor. For all three cases, two
regions of the shear stress are present in the near wake. The upper shear layer
invokes a zone of negative shear stress, while the lower shear layer creates
a more compact region of positive shear stress. For the 𝑅/𝑇 = 0 case, the
maximum magnitude of the positive Reynolds shear stress is approximately
50% greater than the maximum magnitude of the negative values, which is
close to the ratio reported by Shannon and Morris [2006] over the 45∘ trailing
edge. This indicates a strong wake asymmetry. In contrast, for 𝑅/𝑇 = 10 the
maximum magnitude of the shear stress in the upper and lower shear layers
is similar. In general, it is noted that the magnitudes of the shear stress in
both shear layers decreases monotonically with 𝑅/𝑇 , similar to the normal
components in Figure 7.

3.4 Wake thickness parameter

Within the context of beveled trailing edges, Blake [1975] suggested the wake
thickness parameter 𝑦𝑓 as an appropriate length scale to describe the shedding
of vortices into the wake. As the name suggests, 𝑦𝑓 also serves as an indication
for the thickness of the wake. The wake thickness parameter has also been de-
fined in different context, e.g. for the shedding behind a cylinder [Tropea et al.,
2007] and it should be noted that the definition is not unique. Blake [1986]
defined 𝑦𝑓 as the minimum vertical distance between the 𝑦-coordinates of the
local maximum streamwise root-mean-square velocity fluctuations in the up-
per and lower shear layers of the near wake. This definition was employed
to determine the wake length scale in a previous study of trailing edge flows
[Shannon and Morris, 2006].

Based on this definition, Figure 9 shows the resulting values of 𝑦𝑓/𝑇 de-
termined for the large-scale models as a function of bluntness 𝑅/𝑇 . An es-
timation for the uncertainty of 𝑦𝑓 is evaluated based on the random error

of the root mean square streamwise velocity
√
𝑢′𝑢′/𝑢∞. For 𝑅/𝑇 = 0, the

value 𝑦𝑓/𝑇 ≈ 0.5 is very close to that listed by Blake [1986] (𝑦𝑓/𝑇 ≈ 0.8) for
𝜃 = 25∘ with obtuse corner (Figure 9) taking the uncertainty into account. An
increase in the radius of curvature 𝑅/𝑇 results in a monotonous decrease of 𝑦𝑓 .
The largest slope is found for small 𝑅/𝑇 and the differences become progres-
sively smaller with increasing 𝑅/𝑇 , with the notable exception 𝑅/𝑇 = 10. For
𝑅/𝑇 < 10, 𝑦𝑓/𝑇 appears to approach a value of approximately 0.25 asymp-
totically. Blake [1986] listed a value of 𝑦𝑓/𝑇 ≈ 0.4 for 𝑅/𝑇 ≈ 2.5 which shows
good agreement with present results. This behavior can be understood to be
related to the movement of the separation point towards the trailing edge as
𝑅/𝑇 increases. As a result, the separation point on the upper surface is asso-
ciated with a lower 𝑦-coordinate. Comparing to Figure 6, it should be noted
that 𝑦𝑓/𝑇 shows a high correlation and similar behavior to the 𝑐𝑑 curve, which
can be understood when considering that the drag is primarily related to the
lower pressure over the separated flow region (pressure drag). With increasing
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𝑅/𝑇 the extent of the separated flow region is reduced due to the movement of
the separation point discussed above. As a result, the pressure drag decreases
and so does the value of 𝑐𝑑. A notable difference between the behavior of 𝑦𝑓
and 𝑐𝑑 is the decrease in the wake thickness from 𝑅/𝑇 = 8 to 10. This sudden
decrease is suspected to be the result of the boundary layer remaining fully
attached for 𝑅/𝑇 = 10.
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Fig. 9 Characteristic wake thickness parameter 𝑦𝑓 as a function of the radius of curvature
𝑅/𝑇 , Re = 1.1× 106.

4 Effect of geometry on the temporal and spatial characteristics

The mean and fluctuating velocity statistics of the near-wake flows were shown
in the previous section. This section describes both the instantaneous flow
field, spectra and two-point correlations of the streamwise and transverse ve-
locity components in order to examine the spatio-temporal characteristics of
the vortex shedding process and the turbulence for the various trailing edge
geometries.

4.1 The instantaneous flow field

Figure 10 shows contour levels of the instantaneous spanwise vorticity compo-
nent 𝜔𝑧, which is normalized by the airfoil thickness 𝑇 and free-stream velocity
𝑢∞, for the large-scale models with 𝑅/𝑇 = 0, 4, and 10. This visualization
allows for examining both the small-scale vortical motion in the shear layers,
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which are represented by streamwise elongated regions of concentrated vor-
ticity, and the large-scale rotational motion in the flow field, represented by
larger coherent regions of moderate vorticity.

For 𝑅/𝑇 = 0 (Figure 10a), the upper free shear layer originates from the
obtuse corner on the upper surface. The iso-contours of vorticity associated
with this shear layer (negative values) show a wavy pattern with a wavelength
of approximately 1𝑇 in the streamwise direction between −2 < 𝑥/𝑇 < 0. This
oscillatory and amplified motion is probably related to the instability of the
free shear layer. In the region downstream of the trailing edge (𝑥/𝑇 > 0.5),
the upper and lower shear layers start to interact through a large-scale roll-up
motion, forming distinct regions of alternating positive and negative vortic-
ity. These compact vortical structures result in a distinctive tonal character
of acoustic emissions at the frequency of this vortex shedding. Notably, the
wavelength associated with this large-scale vortex shedding motion is approx-
imately 2𝑇 (4𝑦𝑓 ) and thus about twice that of the smaller-scale oscillations in
the upper shear layer. This particular near-wake structure closely resembles
that reported for a beveled trailing edge (𝜃 = 45∘ ) by Shannon and Morris
[2006]. The large spatial separation between the two shear layers, which is
due to the early separation of the upper-surface boundary layer, facilitates a
very wide wake as quantified by the wake thickness parameter (𝑦𝑓/𝑇 ≈ 0.5) in
Figure 9. It also leads to a large distance between the vortex cores associated
with the compact regions of high positive and negative vorticity in the wake.

Figure 10b (𝑅/𝑇 = 4) shows similar features when compared to 𝑅/𝑇 = 0
(Figure 10a) with some notable differences. First, the vortex shedding is ob-
served in the turbulent wake, but with a smaller wavelength of approximately
1.2𝑇 . As for the case with 𝑅/𝑇 = 0, this wavelength corresponds to roughly
4𝑦𝑓 , a value which is anticipated based on the results of Blake [1986], who
showed the vortex shedding characteristics to scale consistently with 𝑦𝑓 . A
second, more subtle difference between the cases is the rate at which the two
shear layers interact. Specifically, Figure 10a (𝑅/𝑇 = 0) indicates large-scale
motions of alternating positive and negative vorticity for 𝑥/𝑇 > 0.5. In con-
trast, for 𝑅/𝑇 = 4 (Figure 10b), the upper shear layer is more gradually mod-
ulated in the streamwise direction and the lower shear layer rolls up further
downstream when compared with 𝑅/𝑇 = 0 (𝑥/𝑇 > 1.5).

As Figure 5c showed, flow separation does not occur for the trailing edge
with 𝑅/𝑇 = 10, although the upper surface turbulent boundary layer thickness
increases significantly upstream of 𝑥/𝑇 = 0 (Figure 7). In addition, Figure 10c
shows that the upper and lower shear layers develop parallel to each other
without strong interaction downstream of the trailing edge. A slightly wavy
pattern is observed at the interface of the two shear layers downstream of the
trailing edge, which is caused by the instability of the free shear layer. Signif-
icant coherent flow structures due to large-scale vortex shedding as identified
for 𝑅/𝑇 = 0 and 4 are not observed in the wake. Thus, the characteristics
of the wake flow for 𝑅/𝑇 = 10 are similar to those for sharp trailing edges
[Blake, 1986].
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Fig. 10 Contour levels of the instantaneous spanwise vorticity 𝜔𝑧𝑇/𝑢∞ for (a) 𝑅/𝑇 = 0,
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4.2 Correlation of the near and far wake flow

The coherent features and structures of the wake flow observed in the instan-
taneous vorticity field (Figure 10) can be further analyzed using the two-point
spatial correlation function of the in-plane velocity components. In particu-
lar the length scales associated with the turbulent wake are of great interest
since they are important for understanding the physical nature of turbulence-
induced pressure fluctuation, sound generation and structural vibration. The
two-point spatial correlation coefficients of the streamwise and transverse ve-
locity components are an indication of the average length scales associated with
the coherent turbulent motions. With 𝐸[⋅] representing the expected value, the
normalized two-point velocity correlation function of two velocity components
𝑢𝑖 and 𝑢𝑗 , as a function of spatial locations x1, x2, and time delay 𝜏 , is defined
by Bendat and Piersol [1986] as

𝜌𝑢𝑖𝑢𝑗 (x1,x2, 𝜏) =
𝐸[𝑢′

𝑖(x1, 𝑡)𝑢
′
𝑗(x2, 𝑡+ 𝜏)]√

𝑢′
𝑖(x1)2

√
𝑢′
𝑗(x2)2

. (3)

Figures 11 and 12 show contour levels of the normalized two-point correla-
tion functions with zero time delay (𝜏 = 0) of the streamwise and transverse
velocity components for the three trailing-edge geometries (𝑅/𝑇 = 0, 4, 10),
respectively. In each figure, the left column shows the correlation with respect
to reference points at 𝑥/𝑇 = 1.0 which are chosen to be at the center loca-
tion of the upper shear layer. The intent is to highlight the correlation of the
boundary layer flow and the turbulent wake with velocity fluctuations in the
near wake. The right column shows the correlations as calculated using ref-
erence points defined at 𝑥/𝑇 = 4.75 for an indication of the correlation with
velocity fluctuations in the far wake.

The wake flow for the 𝑅/𝑇 = 0 (Figures 11a, b and 12a, b) shows exten-
sive, coherent regions of alternating positive and negative correlation values for
both the 𝑢 and 𝑣 components of velocity, which has been reported before for
𝜃 = 45∘ [Shannon and Morris, 2006]. Specifically, spatially alternating regions
of positive and negative correlation are indicative of the spatially and tempo-
rally periodic motions which is related to the tonal character of fluctuations
in the flow field at the frequency of the vortex shedding. Moreover, the cor-
relation with the reference points in the near and far wake shows remarkable
resemblance with correlation values remaining of comparable magnitude over a
significant streamwise extent. This is in agreement with the large-scale vortex
shedding present in the instantaneous vorticity visualization noted in Figure
10. The roll-up and interaction of the two shear layers are noted to initiate
close to the actual trailing edge at 𝑥/𝑇 ≈ 0.5. For locations more upstream
(𝑥/𝑇 < 0.5), the correlation in both velocity components is significantly lower.
The upper free shear layer shows weak correlation with the near-wake refer-
ence point. The very near surface regions on both sides of the model and in
particular the extended region of reverse flow do not exhibit strong correlation
with the near-wake or far-wake reference points.



On the Wake Flow of Asymmetrically Beveled Trailing Edges 23

a)

y/
T

 

 

−2

0

2
b)

c)

y/
T

−2

0

2
d)

e)

y/
T

x/T
−4 −2 0 2 4

−2

0

2
f)

x/T
−4 −2 0 2 4 6

ρuu

−1 −0.75 −0.5 −0.25 0 0.25 0.5 0.75 1

Fig. 11 Contour levels of the two-point correlation of the streamwise velocity component
𝜌𝑢𝑢(x1,x2, 0) for (a,b) 𝑅/𝑇 = 0, (c,d) 𝑅/𝑇 = 4, (e,f) 𝑅/𝑇 = 10. The coordinates (𝑥/𝑇, 𝑦/𝑇 )
of the reference points for (a) through (f) are (1.0, 0.63), (4.7, 1.0), (1.0, 0.35), (4.7, 0.35),
(1.0, 0.28)), (4.7, 0.31), respectively.

Interestingly, Figure 12c shows very similar features for 𝑅/𝑇 = 4 when
compared to 𝑅/𝑇 = 0 (Figure 12a) for the transverse velocity correlations,
albeit with about half the wavelength. Specifically, large alternating regions of
positive and negative correlation in 𝑣 appear for both the near-wake and far-
wake reference locations. However, Figure 11c shows distinctive differences in
the correlation of the 𝑢 component when compared to 𝑅/𝑇 = 0 in Figure 11a.
Evidence of discrete vortex shedding in the form of alternating positive and
negative correlation is not found in the near wake, but found to become more
distinct further downstream (𝑥/𝑇 > 2) and only in the correlation with the far
wake (Figure 11d). More strikingly, the 𝑢 component exhibits comparatively
high correlation values between either reference location and the very near-
surface region on the suction side. This high correlation with the near-surface
region is in contrast to the low correlation with the fluctuations in the reversed
flow near-surface region for 𝑅/𝑇 = 0 (Figure 11a). This is probably because
for 𝑅/𝑇 = 4 the separation point on the upper surface moves with the large
scale oscillation of the upper shear layer, which is correlated to the turbulent
wake and thus the reversed flow in the separation region shows comparatively
stronger correlation with the wake.
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Fig. 12 Contour levels of the two-point correlation of the upwash velocity component
𝜌𝑣𝑣(x1,x2, 0) for (a,b) 𝑅/𝑇 = 0, (c,d) 𝑅/𝑇 = 4, (e,f) 𝑅/𝑇 = 10. The coordinates (𝑥/𝑇, 𝑦/𝑇 )
of the reference points for (a) through (f) are (1.0, 0.63), (4.7, 1.0), (1.0, 0.35), (4.7, 0.35),
(1.0, 0.28)), (4.7, 0.31), respectively. ∙, data point for the computation of two-point time-
correlation shown in Figure 13.

The correlation results for 𝑅/𝑇 = 10 in Figures 11e and 12e also indicate
a significantly different flow organization with respect to 𝑅/𝑇 = 0 as could
be anticipated from the instantaneous vorticity field (Figure 10c). While the
overall unsteadiness levels are very low for this case as noted earlier with the

contours of
√
𝑢′𝑢′ and

√
𝑣′𝑣′ (Figure 7), similar features to the 𝑅/𝑇 = 4 case

are present. Notably, the high correlation of the near-surface region including
the fully attached boundary layer on the upper surface with the near-wake ref-
erence point, which was also pointed out before for 𝑅/𝑇 = 4, is a distinctive
feature with respect to 𝑅/𝑇 = 0 (Figure 11a). However, apart from the slightly
shorter wavelength of the structures in the wake of 𝑅/𝑇 = 10, a further im-
portant difference with respect to the other cases can be noted. Namely, the
absolute correlation value of streamwise velocity component fluctuations with
respect to the near wake (Figure 11e) decreases rapidly in downstream direc-
tion and becomes almost zero at 𝑥/𝑇 > 2.5. Interestingly, at about the same
location the absolute correlation value with respect to the far-wake reference
point starts to increase (Figure 11f). This indicates the decoupling of events
in the near and far wake with no strong coherent roll-up in the near wake.
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Thus, the alternating regions of positive and negative correlation values of 𝑣′

for 𝑅/𝑇 = 10 in the near wake are due to the coupled oscillations of the two
shear layers as indicated by the instantaneous vorticity field (Figure 10c).
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Fig. 13 Two-point time-correlation of the streamwise and upwash velocity components for
various trailing-edge geometries, 𝜌𝑢𝑖𝑢𝑖 (x1,x2, 𝜏). x1 and x2 are indicated in Figure 12 by
∙. Data were obtained from high-speed PIV measurement results.

As shown in Figure 11, the streamwise velocity fluctuation 𝑢′ in the upper
shear layer and the region very close to the wall correlate with the turbulent
wake. The causality of the non-zero correlation between the wake and the
upper-surface flow for 𝑅/𝑇 = 4 and 𝑅/𝑇 = 10 was investigated by observ-
ing the time-correlation of the in-plane velocity components between selected
points. Figure 13 shows the normalized time correlation of the streamwise
and upwash velocity components between two selected points for the various
trailing edge geometries (𝑅/𝑇 = 4, 10). The time delay is normalized by the
free-stream velocity 𝑢∞ and streamwise spatial separation 𝛥𝑥. For 𝑅/𝑇 = 4,
the two points were selected close to the upper surface in the separation re-
gion and in the turbulent wake, respectively. Similarly, for 𝑅/𝑇 = 10, the two
points were selected close to the upper surface in the attached boundary layer
and in the turbulent wake, respectively. The selected points are indicated in
Figure 12𝑐, 𝑒 (circles).

The peak (𝜌(𝜏) ≈ 0.25) of the two-point time correlation of streamwise ve-
locity fluctuation 𝑢′ is found at a time delay 𝜏𝑢∞/𝛥𝑥 ≈ 1.5 for 𝑅/𝑇 = 4. Al-
though oscillation is observed, the magnitude of the time correlation decreased
rapidly to below 𝜌 < 0.1 as 𝜏𝑢∞/𝛥𝑥 > 5. The time correlation for 𝑅/𝑇 = 10
exhibited similar features with respect to 𝑅/𝑇 = 4 while the maximum is
observed at 𝜏𝑢∞/𝛥𝑥 ≈ 2.1 and its magnitude is relatively low (𝜌(𝜏) ≈ 0.13).
The positive time delay corresponding to the maximum correlation magnitude
indicates that the correlation between the velocities in the upper-surface flow
and near wake is caused by the turbulent motion in the shear layer convecting
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downstream. The diminishing time correlation after the presence of the peak
indicates that strong coherent roll-up does not exist in the near wake. This is
consistent with the observation of the two-point spatial correlation shown in
Figure 12𝑒, 𝑓 . The convective velocity of the turbulent motions was computed
as the ratio of the streamwise separation and the time delay associated with
the maximum correlation between the selected points as 𝑢𝑐 = 𝛥𝑥/𝜏 . This
resulted in a convective velocity of roughly 𝑢𝑐/𝑢∞ ≈ 0.67 for 𝑅/𝑇 = 4 and
𝑢𝑐/𝑢∞ ≈ 0.48 for 𝑅/𝑇 = 10. The difference is caused by the higher streamwise
mean velocity of the free shear layer for 𝑅/𝑇 = 4 compared to the attached
boundary layer for 𝑅/𝑇 = 10.

4.3 Spectral energy distribution

The frequency spectra of the fluctuating velocity components indicate the
distribution of turbulent energy in the frequency domain. Figure 14 shows the
auto-spectral density of 𝑢′ (top row) and 𝑣′ (bottom row) at selected locations
in the turbulent wakes. The autospectral density was estimated using the
average modified periodogram method proposed by Welch [1967]. To windows
with a length of 256 samples a Hamming windowing function was applied
and the average was computed with an overlap of 87.5% over a total number
of 149 windows, resulting in a frequency resolution of 𝛥𝑓 = 19.5Hz. The
frequency and velocity spectra were normalized by the free-stream velocity
𝑢∞=20𝑚/𝑠 and airfoil thickness 𝑇=2𝑐𝑚. The selected locations are identified
by the marker symbols in the figure.

For 𝑅/𝑇 = 0, Figures 14a and 14d show the velocity spectra at the
three locations in the upper shear layer (denoted by ⃝ - point 1,□ - point
2, and △ - point 4) and one location in the lower shear layer (denoted by ▽ -
point 3). The kinetic energy is comparatively high in the low frequency range
(𝑙𝑜𝑔10(𝑓𝑇/𝑢∞) < −0.3). For 𝑙𝑜𝑔(𝑓𝑇/𝑢∞) > −0.3 the energy content decays,
indicating that most of the kinetic energy is contributed by the low-frequency
oscillations noted in Figure 10a and consistent with literature [Blake, 1975].
At locations further downstream in the upper shear layer, the low-frequency-
spectral energy content increases while the high-frequency components decay
further, which is attributed to the instability of the free shear layer and goes
along with the development of larger-scale turbulent motions with concurring
thickening of the shear layer. At any location, the amplitude of the streamwise
velocity spectra (top row) is larger than that of the transverse velocity spectra
(bottom row) over most part of the frequency domain keeping consistent with
the results shown in Figure 7. Most notably, a marked tonal peak is observed
for point 4 centered on the frequency 𝑙𝑜𝑔(𝑓𝑇/𝑢∞) ≈ −0.5 (𝜔𝑦𝑓/𝑢∞ ≈ 1.03),
which is associated to vortex shedding. The tonal peak in the frequency spec-
tra indicates that vortex shedding occurs at a constant frequency for 𝑅/𝑇 = 0
[Blake, 1975]. The shedding peak is not noted in the velocity spectra in the
upper shear layer at points 1 and 2, indicating that coherent vortex pairs do
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not form upstream of 𝑥/𝑇 = 0.5, where the upper and lower shear layers start
to interact and finally merge (Figure 7a).

With 𝑅/𝑇 = 4 (Figures 14b), the kinetic energy is concentrated in the low
frequency range (𝑙𝑜𝑔(𝑓𝑇/𝑢∞) < −0.4) and similarly to 𝑅/𝑇 = 0 the spectra
start to decay towards higher frequency. The low-frequency components of the
velocity spectra increases at the downstream positions (point 2 and 3 compared
to point 1), while the high-frequency components decreases slightly. However,
when comparing the downstream positions (point 2 and 3) the kinetic energy
distribution remains almost invariant. This is because the upper shear layer
develops gradually to point 3 without interaction with the lower shear layer.
An important difference to 𝑅/𝑇 = 0 (Figure 14a) is the absence of a dominant
shedding peak in the low-frequency range. The broadband low-frequency peak
indicates that coherent vortex shedding is not the dominating flow feature in
the near wake as already noted in the discussion of the vorticity field (Figure
10b) and also by Wang and Moin [2000].

Similar to 𝑅/𝑇 = 0, 4, the kinetic energy content for 𝑅/𝑇 = 10 (Figure
14c) in the low-frequency range increases for the downstream locations in the
upper shear layer (points 2 and 3 compared with point 1). It should be noted
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that the overall energy, especially in the low-frequency range, is smaller than
those for 𝑅/𝑇 = 0 and 4, which is consistent with the lower levels of velocity
fluctuations in this case as shown in Figure 7.
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Fig. 15 Wavenumber spectra of upwash velocity in the wake for data sampled at 𝑦/𝑇 = 0
between 0 ≤ 𝑥/𝑇 ≤ 6.4. Data are shown for large-scale models.

The final consideration of the wake flow are the wavenumber spectra of
the transverse velocity component, which is closely related to unsteady lift on
the airfoil and sound generation [Amiet, 1975, Howe, 1999]. The wavenum-
ber spectrum of velocity fluctuations indicates the energy distribution over
turbulent structures with various length scales. Although the trailing edge
flows in the present study are not homogeneous in the streamwise direction,
it is interesting to compare the wavenumber spectra of the traverse velocity
component for various trailing edge geometries. Figure 15 shows the stream-
wise wavenumber spectra of the traverse velocity component in the wake for
various trailing-edge geometries. The spectra are evaluated using an average
periodogram method [Welch, 1967] applied to the data obtained on the large-
scale models and sampled over a line along 𝑦/𝑇 = 0 between 0 < 𝑥/𝑇 < 6.4,
resulting in a wavenumber resolution of 𝑑𝑘𝑥𝑇 = 0.0991. The spectra obtained
for each snapshot of the velocity field are averaged over 1000 frames. When
the wavenumber is normalized by the wake thickness parameter 𝑦𝑓 , a dis-
tinct maximum of the wavenumber spectrum is found for all geometries near
𝑘𝑥𝑦𝑓 = 1.2 with the exception of 𝑅/𝑇 = 10. In the latter case, the maximum
is found around reduced frequency (𝑘𝑥𝑦𝑓 ≈ 1.1). This might be attributed to
the upper-surface shear-layer remaining fully attached for 𝑅/𝑇 = 10, while
separation of the boundary layer occurs for other cases, which results in a
subtly different flow topology and thus does not follow the scaling rule found
valid for the other edges. The collapse of the peak in the wavenumber spectra
for the other geometries indicates that most of the kinetic energy in the wake
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concentrates on turbulent structures with length scales of 𝜆𝑥/𝑦𝑓 = 2𝜋/𝑘𝑥 ≈ 5.
The collapse thus confirms the conclusion drawn by Blake [1986] that 𝑦𝑓 is
an appropriate length scale for the large-scale shedding in the wake flow over
beveled trailing edges.

In general, as a blunter trailing edge (larger 𝑅/𝑇 ) generates a wake with
larger length scale (𝑦𝑓 ) and higher turbulence intensity, it is more likely to
produce sound with higher intensity propagating to the far-field. As shown in
the spectral analysis of the velocity fluctuation in Figure 14, the low-frequency
content (𝑙𝑜𝑔(𝑓𝑇/𝑢∞) ≤ −0.5) of turbulent kinetic energy of the wake for
blunter trailing edge (𝑅/𝑇 = 4) is higher than that of a sharper trailing edge
(𝑅/𝑇 = 10). As a result, the radiated sound from the blunter trailing edge is
expected to contain higher amplitude in low-frequency range. For the trailing
edge with strong coherent vortex shedding in the wake, discrete tonal noise
is expected at the vortex shedding frequency [Blake, 1975, Wang, 2005]. In
contrast, sharper trailing edge generates sound with broadband peak [Blake,
1975, Wang and Moin, 2000].

5 Conclusions

The present study was focused on the measurement of the velocity field around
a family of asymmetrically beveled trailing edge geometries with uniform
trailing-edge angle (𝜃 = 25∘) and various radii of curvature 𝑅/𝑇 . These mea-
surements were made to facilitate a better understanding of the sensitivity of
the flow features to changes in the design of beveled trailing edge geometries,
in particular the variation in radius of curvature (𝑅/𝑇 ). It was found that the
characteristics of the trailing edge flow are highly affected by this parameter.
Even subtle variation in the geometry can result in substantial changes in flow
features.

The first part of the study focused on the time-mean statistics including
mean velocity, aerodynamic force and Reynolds stresses. A distinct separation
point exists at the upper corner of the trailing edge in the 𝑅/𝑇 = 0 case, which
is a distinct feature of the absence of any rounding. Strong vortex shedding
with constant shedding frequency 𝑓𝑇/𝑢∞ ≈ 0.32 is observed for 𝑅/𝑇 = 0. For
larger radius of curvature (for instance 𝑅/𝑇 = 4), the flow separates closer
to the trailing edge, except for very large radius of curvature (𝑅/𝑇 = 10)
where the flow remains attached up to the trailing edge. A smaller radius of
curvature results in a larger, more turbulent wake, and has a adverse effect on
the aerodynamic coefficients associated with lift and drag. Compared with the
attached boundary layer, the free shear layer emanating from the upper surface
in the case of separation contains higher level of turbulent kinetic energy.

The spatial and temporal characteristics of the wake flow were investigated
by observing the two-point correlation, frequency spectra and wavenumber
spectra of the in-plane velocity components. Coherent turbulent structures
were observed in the wake of the beveled trailing edges, most notably for small
radii of curvature with separation occurring further upstream. The two shear
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layers interact through coherent motions a distance downstream of the trailing
edge (typically 0.5 − 1.5𝑇 ). These large-scale coherent motion is associated
with the vortex shedding in the wake. The characteristic size of these large-
scale coherent structures in the wake was proportional to the wake thickness
parameter 𝑦𝑓 (approximately 4 − 5𝑦𝑓 ). This was further confirmed by the
spatial wavenumber spectra of transverse velocity in the wake, whose peak
energy content scaled on the characteristic wake thickness 𝑦𝑓 . The upper-
surface shear layer without distinct flow separation (𝑅/𝑇 = 10) was found to
be correlated with the turbulent wake as indicated by the two-point spatial
correlation. This non-zero correlation was caused by the turbulent motions
convecting downstream.
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S. Pröbsting, J. Serpieri, and F. Scarano. Experimental investigation of aerofoil
tonal noise generation. Journal of Fluid Mechanics, 747:656–687, 2014b.
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