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ABSTRACT

The characteristics of unsteady surface pressure (USP) induced
by turbulent flow over a family of asymmetrically beveled trailing
edges were studied experimentally. The geometries had a trailing-
edge angle 0 = 25° with a flat lower surface and a rounded upper
surface with radii of curvature between 1 and 6 times the airfoil
thickness. The chord-based Reynolds number was Re = 2.1 x 109.
A detailed description of the USP and flow fields around the trail-
ing edge section was obtained by remote microphone probes (RMP)
and particle image velocimetry (PIV), respectively. The beveled
upper surface was characterized by a region of favorable pressure
gradient, followed by a strong adverse pressure gradient. The cases
with smaller radius of curvature were founded to exhibit larger sepa-
rated region over the trailing edge. The spectral magnitudes of USP
were largest in separation region. This paper is focused on scal-
ing and understanding the USP spectra in regions of separated flow.
The PIV measurements were utilized to provide the corresponding
length and velocity scales.

Introduction

The characteristics of the unsteady surface pressure (USP) in
the trailing edge region of a family of airfoil with various trailing
edge geometries are presented in this paper. The experiments for
present study employed arrays of remote microphone probes (RMP)
to measure the USP, as well as particle image velocimetry (PIV) to
obtain velocity statistics of the flow field. The experimental data
were utilized to provide insight into the relationships between the
trailing edge geometry, the turbulent flow field and the unsteady
surface pressure field. These results are of interest for the under-
standing of aerodynamic noise generated by turbulent flow over
lifting surface (Blake (1986)). For example, cooling fans, turbine
blade and propellers can generate considerable aerodynamics noise
(Roger and Moreau, 2002). In these applications, unsteady surface
pressure fluctuations near the trailing edge of the lifting surface can
be the dominating noise source at low Mach numbers (Curle, 1955;
Amiet, 1976).

The characteristics of turbulence-induced USP have been stud-
ied analytically, experimentally, and numerically for over 60 years.
Kraichnan (1956) presented one of the earliest studies consider-
ing the scaling of the relevant characteristics, such as the mean-
square magnitude and correlation length of the fluctuations using a
Turbulent Boundary Layer (TBL) over a flat plate with Zero Pres-
sure Gradient (ZPG). Experimentally, several authors assessed the
USP below a turbulent boundary layer with ZPG. Willmarth &
Wooldridge (1962) pointed out that the spectral magnitude of the
USP scaled with the free-stream velocity and the boundary layer
displacement thickness. Corcos (1963, 1964) proposed a model for
the cross-correlation of the USP under TBL, which was widely ap-
plied. Panton & Linebarger (1974) and Chase (1980) determined
the wavenumber spectra of the USP for TBL with ZPG. Goody
(2004) extensively reviewed previously published USP data over a
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large range of Reynolds numbers and proposed an empirical model
for the unsteady surface pressure spectrum under TBL with ZPG in-
corporating the Reynolds number effect. However, flow conditions
are often complex in engineering applications. The understanding
of the characteristics of the USP field under complex flow condi-
tions, such as favorable pressure gradient (FPG), adverse pressure
gradient (APG) and separated flow, were very limited.

Schloemer (1967) studied the USP for a variety of conditions
with ZPG, mild APG and FPG experimentally. The study showed
that the amplitude of low-frequency USP increased under flow with
APG while the high-frequency amplitudes were not affected signif-
icantly. In contrast, under the presence of an FPG boundary layer,
the high-frequency components of the spectrum showed a faster
decay when compared to the case under ZPG flow, while spectral
level was slightly higher than in the ZPG flow at low frequencies.
Rozenberg & Robert (2012) proposed an empirical model to predict
the wall USP spectra for APG flows, which extended the model of
Goody (2004) for ZPG flows as discussed above. The authors em-
ployed the wake model of Coles (1956) to determine the APG flow
parameters and the pressure gradient parameter defined by Clauser
(1975) was utilized to quantify the local APG. The results indicated
that the displacement thickness and the maximum shear stress were
the preferred scaling parameters for the pressure fluctuations under
the TBL with APG.

Simpson et al. (1987) reported measurements of the wall pres-
sure spectra, wave speeds, and coherence under a separating turbu-
lent boundary layer. The root-mean-square (RMS) of the USP was
found to increase monotonically over the attached-flow region with
APG and over the separated-flow region. The authors suggested to
scale the USP fluctuations with the local maximum of the turbulent
shear stress rather than the wall shear stress, which improved the
collapse of the data points. Confirming the limitation of the ZPG
model addressed by Kraichnan (1956), Simpson et al. (1987) noted
that the turbulent statistics changed rapidly in the streamwise direc-
tion. Ji & Wang (2012) employed Large-Eddy Simulation (LES)
to study the flow and USP fields downstream of backward-facing
steps. The wall pressure fluctuations under separated shear layer
were observed to collapse well in low frequency range while the
high-frequency components showed large spread when scaled on
the size of the separation bubble. In many applications, the charac-
teristics of the USP over surfaces with complex geometries are of
great interest.

The flow encountered around the trailing edge of airfoils and
the resulting surface pressure fluctuations are highly dependent on
the geometry. Early work on trailing edge flows over sharp and
blunt geometries has been reported by Blake (1975) and Blake
(1984). The work was focused on a class of asymmetrically beveled
trailing edges defined by a flat lower surface and the trailing edge
angle 8 as shown in Figure 1. The curved upper surface was cir-
cular with radius R, and tangent to the horizontal and slanted sur-
faces. In these studies, an important length scale for trailing edge
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Figure 1.  Static pressure distribution over the upper surface of the
trailing edge section of the airfoil and contour of streamwise RMS
velocity obtained by PIV. —, mean velocity profile; o, RMS veloc-

ity profile.

flow, the wake thickness y; was proposed and defined as the min-
imum cross-wake distance between the two local maxima of the
root-mean-square of the streamwise velocity, which is shown in
Figure 1. Detailed discussion about ys can be found in Probsting
et al. (2016). Blake (1984) also stated that the end of vortex forma-
tion nearly corresponded to the location of the minimum shear layer
spacing and defined y; as the minimum distance between the two
local maxima of mean streamwise velocity fluctuations in the wake
and later adapted this definition for y in the context of beveled
trailing edges (Blake, 1986).

Later, the characteristics of the velocity and USP fields were
studied experimentally by Shannon & Morris (2006) and Probsting
et al. (2014). Wang & Moin (2000); Wang (2005) and van der
Velden et al. (2016) studied the flow field around 25° and 45° trail-
ing edge by Large-Eddy Simulation (LES) and Lattice Boltzmann
Method (LBM), respectively. Related to the present work, Guan
et al. (2016b) have described in detail the wake flow of a family of
trailing edges with = 25° and the radius of curvature ranging from
R/T =0to 10.

Although extensive research has been conducted on
turbulence-induced pressure fluctuations, still comparatively
little is known about the USP under non-equilibrium flow con-
ditions including APG, FPG, and reverse flow after separation.
Figure 1 shows a representation of these complex flow conditions
on the upper surface of a beveled trailing edge with 6 = 25° and
R/T =4. All these conditions of non-equilibrium flow result in an
increased level of the USP. The objective of the present research
was to experimentally investigate the characteristics of the unsteady
surface pressure field for the family of trailing edge flows exhibiting
these conditions to varying extent. To this end, the unsteady surface
pressure was measured by arrays of Remote Microphone Probes
(RMP) over a family of asymmetrically beveled trailing edges with
0 =25°. The models are identical to those described by Guan et al.
(2016b). These specific trailing edge geometries were selected
to create complex flow conditions including FPG, APG and flow
separation. The detailed flow statistics provided by Particle Image
Velocimetry (PIV) were discussed in Guan et al. (2016b), and will
be shown briefly here as they provide context and scaling quantities
that will be used to better understand the USP measurements.

Experimental setup

The measurement of the USP presented in this study were con-
ducted in the Anechoic Wind Tunnel (AWT) facility at the Univer-
sity of Notre Dame. The AWT consists of an open-jet test section
surrounded by a large anechoic chamber as shown in Figure 2. The
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Figure 2. Schematic of the Anechoic Wind Tunnel facility with
installation of the model.

walls were covered with glass fiber wedges rated with an absorption
coefficient of 99% for f > 100Hz. Air was drawn in through a set of
turbulence screens, an 8:1 contraction, and a straight section to the
nozzle exit with cross section 0.61m x 0.61m. The flow in the test
section was constrained on the upper and lower sides by end plates
to obtain a 2D mean flow. The airfoil model was mounted verti-
cally at zero incidence in the test section such that the upstream part
of the model, up to the quarter-chord point, was placed inside the
straight section. At the opposite side of the open chamber, the flow
was guided through an acoustically treated section to the primary
fan. Specifics regarding the design and construction of the AWT
facility can be found in Mueller ef al. (1992) and Scharpf (1993).

The airfoil models were constructed as a flat strut with a uni-
form cross section across the span. The cross section of the leading
edge component of the airfoil was a five-to-one aspect ratio semi-
ellipse. The middle section of the model was a flat plate with 5.04
cm thickness. The trailing-edge component was exchangeable. The
trailing edge angle was 6 = 25°. The values of the ratio of the ra-
dius of curvature of the upper-surface beveled part to airfoil thick-
ness were R/T =1, 2, 4 and 6, respectively. The geometries of the
different trailing edge sections are shown in Figure 3. More details
of the airfoil model geometry and the PIV setup were provided by
Guan et al. (2016b).

For all experiments, the free-stream velocity was set to roughly
35m/s, corresponding to a chord-based Reynolds number of Rec =
2.1x10°. The boundary layer was tripped on either side of the
airfoil at the location quarter chord downstream of the leading edge.
The boundary layer thickness and displacement thickness at x/7T =
-5.5 were found to be 8g9 = 8.6mm and §* = 1.2mm, respectively,
as measured by single-sensor hot-wire anemometer.

Measurement of the USP were acquired by the use of remote
microphone probes (RMP). The details about the structure, manu-
facture and calibration of the RMP were described by Guan et al.
(2016a). This measurement technology was previously utilized to
measure the wall pressure fluctuations by Probsting et al. (2014),
Bilka et al. (2015) and van der Velden et al. (2016). The streamwise
microphone array on the upper surface of the trailing edge section
was located in the middle span. The streamwise coordinates of each
element of the RMP array on different trailing edge geometries were
shown in Table 1. Data were acquired at a scanning frequency of
40kHz for a period of 52.4s

Results and discussion
0.1 Characteristics of flow field

Prior to the detailed discussion of the unsteady pressure, it is
useful to consider the general characteristics of the mean flow and
pressure field in the vicinity of the airfoil trailing edge. Figure 1
shows the geometry, the static pressure distribution, and contours
of the streamwise root-mean-square velocity on the upper surface
for the R/T =4 geometry. The upper-surface flow encountered a
favorable pressure gradient, followed by adverse pressure gradient.
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Figure 3. The family of 6 = 25° asymmetrically beveled trailing
edge for R/T =1, 2,4 and 6.

Table 1. Streamwise coordinates x;,/T of the individual elements
of the RMP array on the upper surface of the trailing edges.

RIT= 1 2 4 6
A -139 -150 -151 -1.52
B -082 -087 -0.88 -0.88
C 053 -056 -057 -0.57
D 039 -041 -041 -042
E  -032 034 -034 -034
F  -028 -030 -030 -0.30
G  -026 -029 -029 -029

The turbulent boundary layer thickness was observed to increase
significantly in the APG region. Flow separation was observed near
x/T =-1.1 and y/T = 0.5. A free shear layer developed from the
separation point. A recirculation region was bounded by the free
shear layer and the rigid surface. A second shear layer originating
from the lower surface corner separation can be observed. Addi-
tional details of the flow physics for this and other R/T values was
provided by Guan et al. (2016b). Of interest includes the large-scale
coherent motions observed in the wake. The size of these motions
was found to be proportional to the wake thickness yy, which de-
creased with increasing R/T. This was because the separation point
was found to move downstream as the value of R/T increased.

0.2 Effect of the geometry on surface pressure
spectra

The upper surface spectra from the R/T = 1,4 and 6 case are
shown in Figure 4 a), b) and c), respectively. The streamwise coor-
dinates x,,/T of each element of the RMP array are shown in Table
1. The pressure spectra are normalized by airfoil thickness 7' and
free-stream velocity ueo. For comparison, the pressure spectra of
the USP under TBL with ZPG measured at upstream locations are
included (red dashed line).

The spectral amplitudes in the low frequency range increased
for locations closer to the trailing edge for all geometries. For exam-
ple, the value of spectral magnitude at f7 /uco = 0.3 at station G is
13dB higher than that at station A for R/T = 4 case. In contrast, the
high-frequency components are found to decrease in downstream
direction. The value of spectral magnitude at f7 /uco =5 at station
G is 28dB lower than that at station A for R/T =4 case. Complex
changes in the spectral amplitudes can be observed, depending on
whether the flow was fully attached, separating or separated. These
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Figure 4. USP auto-spectral density on the upper surface near the
trailing edges at various streamwise locations for Re¢ = 2.1 x 10%,
a) R/T=1, b) R/T=4, ¢) R/T=6.-0-, A;—o-, B; -A-,C; --, D;
——, F; —, G; ——, USP under turbulent boundary layer with ZPG

details are discussed in the following.

For all trailing edge geometries, the spectra show a general
trend where the local maximum increases in magnitude and de-
creases in frequency as the observation point approaches the trail-
ing edge. For R/T =4 case, the local maximum was observed at
ST Juco = 0.3 with spectral magnitude of 3.5 x 10~ at station G
while for station A the local maximum appeared at [T [uoo = 2.7
with spectral magnitude of 2.8 x 107>, Similar results were ob-
served in the cases of R/T =1 and 6, which are shown in Fig-
ure 4 a) and c), respectively. This generally led to increases in
low-frequency amplitude that were between 10 and 15 dB higher
than the approaching boundary layer, with concomitant decreases
in high-frequency amplitude as large as 15 to 30 dB depending
on the geometry. These observations are consistent with expecta-
tions based on the flow fields shown in Figure 1. Specifically, as
the boundary layer thickens due to the APG and finally separates,
the large-scale motions that develop in the shear layer create the
increases in the lower frequency range. The observed decreases
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Figure 5. The spectral density of USP under separated flow, nor-
malized by wake length scale

at high frequency are a result of the distance between the shear-
induced small-scale motions and the surface after separation.

0.3 Scaling of surface pressure below separated
flow

The preceding discussion illustrated the large difference in
magnitude of the surface pressure fluctuations that occurred for
the varied streamwise locations and R/T values considered. It is
now of interest to consider how the pressure fluctuations scale with
local or global flow characteristics in order to better quantify the
physical cause of the observations. The scaling of the UPS un-
der attached flow with FPG, ZPG and APG has been studied in-
tensively by Schloemer (1967), Goody (2004) and Rozenberg &
Robert (2012). In the present study, the region with separated flow
will be described. The characteristics of USP fluctuations are dis-
tinctly complex in the separated region, and hence a single set of
scaling parameters was not found to be sufficient to collapse the
spectra. Analysis of the data has led to three distinct regions in the
frequency domain, each with a different type of scaling.

First, the spectra from each R/T case with locations within the
separated zone only are shown in Figure 5. The spectra were nor-
malized using the time scale yy/uco, the pressure scale associated
with the local maximum streamwise turbulence intensity in the sep-
arated shear layer 0.5pu’2. This result was then further scaled by
the vertical distance between the surface microphone and the center
of the detached shear layer, r, which is indicated in Figure 1. This
location was determined by the maximum streamwise root mean
square velocity observed in the PIV data. A schematic representa-
tion of this is shown in Figure 1 for R/T =4 at a single microphone
location. The results shown indicate a reasonable collapse of all
the USP spectra under separated flow at dimensionless frequencies
fyf/uce <0.10. In this range the amplitudes were found to be nearly
constant, or “flat” with respect to frequency. Near fy/uco = 0.15,
all of the spectra exhibited a change to a distinctly negative slope,
which was shown by the black dashed line. The roll-off slopes
started to vary for different geometries and streamwise locations at
fyf/uco =0.3. The values of slopes of the spectra can be observed
to be different for the various geometries and spatial locations as
shown by the black dashed line and the dotted-dashed line.

The agreement of the spectra through fy/uso < 0.15 with the
indicated scaling provides some insights into the nature of the turbu-
lence that led to the pressure fluctuations. First, the use of the max-
imum streamwise turbulence intensity of the shear layer, as well as
the local distance to the center of the shear layer, indicates that the
USP was caused by the turbulence directly “above” the observation
point. The use of the wake time scale, y/uoo, is interesting and
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Figure 6. The spectral density of USP under separated flow, nor-
malized by wake length scale

can be understood by considering the convective length scale in this
frequency range. Specifically, the value of fyy/uc = 0.1 can be
interpreted to indicate that the streamwise length scale of these mo-
tions was 10 times larger than the size of the wake. Hence, the time
scale of the fluctuations at these very low frequency values could
not be associated with the local shear layer that was generally a
fraction of yf in scale. In summary, the mixed scaling indicates that
the local USP fluctuations are primarily caused by the small-scale
turbulence in the shear layer, but the shear layer is modulated by the
large-scale fluctuations in the wake, which was discussed by Guan
et al. (2016b). This modulating influence of the the large-scale fluc-
tuations on the shear layer turbulence has also been described by
Shannon & Morris (2006). Similar phenomena were reported by Ji
& Wang (2012) who studied the surface pressure fluctuations down-
stream of backward-facing steps.

The scaling of the middle frequency range is shown in Figure
6. The auto-spectral density of the USP was normalized with the
time scale y;/uco associated with the convecting fluctuations in the
local, separated shear layer. The length scale of the shear layer, Jy;,
at a certain streamwise location is defined as the vertical distance
between the two points at which the values of the vertical RMS ve-

. 512 . -
locity, v2 , are half as large as the maximum value of 12 at
the same streamwise location. The amplitude was normalized using

the maximum 1’2 12 values identified directly above the micro-
phone location using the PIV data. As before, the amplitudes were
further normalized using the vertical distance between the wall and
the center of the separated shear layer r. This location was deter-
mined by the maximum vertical root mean square velocity observed
in the PIV data. With this selection of scales, the spectra show a col-
lapse over a mid-frequency range between 0.2 < /6 /uco < 0.4 (Fig-
ure 6, shaded region). The slope of the pressure spectra in middle
frequency range was found to be approximately —11/3 as shown by
the red dashed line. Some of the spectra, primarily from the R/T =4
and 6 cases, roughly followed this slope out to the highest frequen-
cies that were measured. Other cases, notably the R/T =1 and 2
cases, indicated significant departures from the —11/3 slope, with
larger amplitudes in the high frequency range.

Careful inspection of the spectra and PIV data led to the hy-
pothesis that the geometries with the most significant flow separa-
tion (i.e., R/T =1 and 2) resulted in significant reverse-flow at the
surface, and that the turbulence associated with this reverse flow led
to the varied spectral amplitudes at high frequency range. This idea
was tested by considering the phase of the cross-spectral density,
¢, between closely spaced microphones near the trailing edge. The
phase values between microphone locations F and G on the upper
surface are shown in Figure 7. Positive phase shift should indi-
cate that the fluctuation-producing structures are convecting down-
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Figure 7. phase shift of USP cross-spectral density

stream. For the cases with fully separated shear layer and reverse
flow at this location (R/T =1 through 6) ¢ is close to 0 at low fre-
quency range and decreases to negative values at high frequencies.
This negative phase shift indicates flow moving in the upstream di-
rection at high frequencies as suggested.

The results presented demonstrate that the lower R/T cases ex-
hibit high-frequency USP amplitudes that are related to reverse flow
at the surface. It is also of interest to compare the amplitude of the
spectra with the speed of the reverse flow boundary layer. This was
not possible using the PIV data, as the reverse flow boundary layer
was found to be very near to the surface, and hence in a region
where the PIV uncertainty was relatively large. As an alternative, a
convection velocity was defined from the ¢ values as

ue(f) = % 0

The spectral magnitude of the USP at fT /uco =5 decreased as
R/T increased from 1 to 6 as shown in Figure 8 a) while the mag-
nitude of the negative convection speed at that frequency decreased
as shown in Figure 8 b). Note that R/T = 6 was found to have a
phase shift very close to zero at this frequency, indicating nearly
stagnant mean flow and an undefined u. value. This geometry also
corresponded to the minimum USP amplitude at higher frequen-
cies. These results indicate that the reverse flow with larger speed
led to higher levels of surface pressure fluctuations. Scaling of the
USP spectral density at high frequency range was not investigated
in present study because of the lack of valid velocity data very close
to the wall in the recirculation region.

Conclusions and future work

The characteristics of the USP under complex flow conditions
for a family of asymmetrically beveled geometries with trailing-
edge angle 0 =25° has been studied in detail. The local characteris-
tics of USP were found to be highly dependent on the flow features
present for a particular geometry.

The characteristics of the upper-surface unsteady pressure field
were complex because of the strong non-equilibrium flow condi-
tions. The characteristics of the pressure fluctuations under sepa-
rated flow showed great variety and were dominated by various flow
regimes in different frequency ranges. The low-frequency spectral
density of USP under separated shear layer collapsed when normal-
ized by a time scale ys/uco and a pressure scale p/2u"pax. This
mixed scaling indicated that the magnitude of the low-frequency
pressure fluctuations were dominated by the turbulence intensity in
the local shear layer, but the frequency of the large-scale oscillations
was governed by the turbulent wake. The mid-frequency range of
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Figure 8. USP spectral magnitude (a) and convection velocity u.

(b) at fT /uco =5 for different trailing edge geometries.

the pressure fluctuations collapsed to a significant degree when nor-
malized using the local shear layer thickness &y and a pressure scale
P /22 max. The collapse indicated that the pressure fluctuations in
mid-frequency range were dominated by the characteristics of local
shear layer. The high-frequency content of the pressure fluctuations
under separated shear layer with reverse flow was dominated by
upstream-convecting turbulence created by reverse flow. The mag-
nitude of the reverse flow-induced pressure fluctuations increased
with faster negative phase speed. The scaling of the USP spectral
density at high frequency range, which was dominated by reverse
flow, will be studied based on numerical simulation.

Future work involving the trailing edge flow and pressure field
will include characteristics of the spanwise correlation length scales
of the USP. This is an important topic as it significantly influences
the aerodynamic noise generated by the trailing-edge flow. The
cross-correlation of the USP on upper and lower surface will also be
investigated as it can be an important contributor to the trailing-edge
noise.
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