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ABSTRACT

A correction model is presented for sensor-size-related high-frequency attenuation when measuring the wall pressure fluctuations beneath
turbulent boundary layers. The model is developed based on the wall pressure spectra measured on a flat plate model using sensors of differ-
ent sizes and types. The measurement covers the range of Reynolds numbers, Reh, based on the momentum thickness between 1500 and
11 400, including flows with adverse and favorable pressure gradients, which were produced by a National Advisory Committee for
Aeronautics (NACA) 0012 airfoil installed above the flat plate. The present model follows the principle of the Corcos correction and is
expressed with a simple mathematical form. Major improvements compared with the Corcos correction are made with regard to determining
the effective sensing area and the convection velocity for a specific sensor. With the help of convection velocity modeling, the present correc-
tion model can be applied to flows in pressure gradients with high accuracy. To assess the generality of the assumptions, the model is used to
correct the wall pressure spectra measured at different test facilities with different sensor types, covering a large range of Reynolds numbers,
1:6� 103 < Reh < 1:19� 105.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0094847

I. INTRODUCTION

A finite size of practical sensors limits the accurate measurement
of wall pressure fluctuations at high frequencies. The problem arises
from signal averaging over a sensor surface and has been reported in
many research works.1–6 Typically, one can choose a flush-mounted
or a pinhole-mounted configuration.7–11 With a pinhole-mounting,
the spatial-averaging effect can be minimized due to a significantly
reduced sensing area. However, in practice, such potential benefit of
the pinhole configuration is most likely limited by the Helmholtz reso-
nance. To increase the resonance frequency, a small sensor is often
required which gives the reduced volume behind the pinhole. For a
flush-mounted sensor, significant spectral attenuation will be mea-
sured at high frequencies because the sensor size is too large compared
to the incident wavelength of the high-frequency pressure fluctuations.

This attenuation effect was systematically studied by Corcos,1

who was the first to establish the relationship between the sensor size
and the corresponding spectral attenuation from theory. The attenua-
tion was calculated based on a semi-empirical model of the wall pres-
sure coherence expressed as a function of xr=Uc, where x is the
angular frequency, r and Uc represent the sensor radius and the
convection velocity of the pressure field, respectively. The obtained

attenuation spectrum was verified by Gilchrist and Strawderman,12

White,13 and Geib14 in the frequency range of xr=Uc < 3 where the
exponential growth of the attenuation is present. However, there has
been a frequency shift of the attenuation spectra between different
works, depending on the choice of r andUc.

In the study of Corcos,1 a uniform spatial sensitivity over the sen-
sor surface was assumed, which is not valid for actual sensors. Bruel and
Rasmussen15 measured the sensitivity distribution of a microphone
membrane using a small electrostatic actuator and showed that the sen-
sitivity is maximum near the center and approaches zero at the edge.
Furthermore, Bruel and Rasmussen demonstrated that viscous damping
is important for the microphone sensitivity at high frequencies and can
significantly change the sensitivity distribution. Comparable results but
without frequency characteristics were reported by Gilchrist and
Strawderman12 who measured the sensitivity distribution of two hydro-
phones by releasing pin loading from the piezoelectric transducer sur-
face. It was suggested that a smaller area with constant sensitivity should
be used as the “effective” sensing area that would have the same
response level as the actual sensors. White13 argued that for a better esti-
mate of the effective sensing area, the wall pressure coherence has to be
included in the calculation. The calculation results showed that the
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attenuation is significantly reduced taking into account the non-
uniform sensitivity, as a result of the reduced effective sensing area.

Furthermore, the determination of Uc for different test conditions
is important for applying the correction. However, this issue has rarely
been discussed. Except for the frequency dependence, the magnitude
of Uc also depends on the convection distance,7,8,16,17 indicating that
the choice of Uc may have to be sensor-size-dependent. Furthermore,
pressure gradients can affect Uc. Especially, the adverse pressure gradi-
ent can significantly reduce the magnitude of Uc.

8,16,17 The reduced Uc

leads to a larger value of xr=Uc that increases the attenuation level for
a given frequency, especially at high frequencies.18 However, there is a
lack of knowledge on how to quantify the effects of convection dis-
tance and pressure gradients on Uc, making the correction difficult to
apply in practice.

In the present work, the attenuation spectra are obtained for dif-
ferent sensor sizes and types, based on the wall pressure spectra mea-
surements with flush- and pinhole-mounted sensors. The effect of
non-uniform sensor sensitivity is theoretically discussed and the effec-
tive radius for different sensor types is suggested for practical applica-
tions. Furthermore, a convection velocity model is proposed, covering
the effects of convection distance and pressure gradients. Finally, a cor-
rection model is proposed, which can be applied to flows with pressure
gradients and commonly used sensor types. To assess the generality of
the model, corrections are made for wall pressure spectra measured
with four different sensor types from different test facilities.

II. EXPERIMENTAL SETUP

The experiment was conducted in the Acoustic Wind Tunnel
Braunschweig (AWB). The wind tunnel has a rectangular nozzle with
a height of 1200mm and a width of 800mm, and can provide a maxi-
mum operating velocity of 65m/s. A photograph of the experimental
setup along with a side view sketch is shown in Fig. 1. A flat wooden
plate, with a superelliptically shaped leading edge and a beveled trail-
ing edge on its lower side, was placed 10mm downstream of the noz-
zle exit at the nozzle mid-height position. The plate surface was
aligned with the flow direction. The length and thickness of the plate
are 1350 and 42mm, respectively. The plate span is 1300mm, which is

250mm wider than the nozzle exit on each side. This prevents side-
edge interaction with the open-jet shear layers. Both sides of the plate
were tripped with 0.3-mm-thick zigzag trip strips 120mm behind the
leading edge. The trailing edge of the plate was extended by foam ser-
rations to minimize vortex shedding and to reduce trailing edge
noise.19 Furthermore, from the previous test with the same setup,8

contamination was measured at low frequencies of the wall pressure
spectra which is assumed to be related to the open-jet shear layers.
The nozzle exit was extended above the plate by using sidewalls to
reduce the thickness of the open-jet shear layers in the measurement
area, in an attempt to minimize the shear-layer impact. However,
when compared to the previous results without the side walls,8 no sig-
nificant reduction of the contamination can be identified.

Pressure gradients were introduced in the boundary layers by
placing a National Advisory Committee for Aeronautics (NACA)
0012 airfoil with 400mm chord length and 1800mm span width
above the plate. The airfoil with its leading edge at x¼ 760mm (x¼ 0
denotes the leading edge of the plate) was installed 120mm above the
plate relative to the wing’s chord at the geometric angle of attack
(AOA) of 0�. The rotation axis was at 41% of the chord length. The
AOA of the airfoil was varied between �14� and 14� to produce the
desired flow conditions. Both sides of the airfoil were tripped at 20%
chord length with 0.4-mm zigzag trip strips to avoid a possible laminar
vortex shedding noise at the largest AOA. To reduce the trailing edge
noise of the airfoil, the trailing edge was extended with a 50-mm-long
brush.20 Static pressure distributions on the pressure and suction sides
of the airfoil were measured with 46 static pressure ports.

A 370-mm-long, 270-mm-wide, and 5-mm-thick aluminum
panel was placed at mid-span in the streamwise location of
890mm� x � 1260mm. The panel was equipped with 26 static pres-
sure ports and different types of dynamic pressure sensors. The static
pressure ports covered a range of 290mm in the streamwise direction
and 180mm in the spanwise direction. To measure the wall pressure
fluctuations, seven pinhole-mounted Kulite sensors, model LQ-
062–5psi (absolute operational mode) without protection screens, with
a pinhole diameter of 0.5mm were applied in the range of 1105mm

FIG. 1. Test setup of the wall pressure spectra measurement, (a) photograph of the flat plate model with a NACA 0012 airfoil and side walls installed in AWB. The x, y, and z
axes represent the flow direction, wall-normal direction, and spanwise direction, respectively; (b) side view sketch.
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� x � 1210mm at mid-span of the plate, that is, z¼ 0. In the span-
wise direction at x¼ 1170mm, two other pinholes with the same type
of Kulites, but different diameters of 0.35 and 0.7mm were applied, see
Fig. 2. The depth of all pinholes was 0.4mm. Furthermore, three Kulite
sensors and two condenser microphones were flush mounted in a range
of jzj � 31 mm. The sensors from left to right shown in Fig. 2 are B&K
1/4-in. pressure microphone, model 4136 without protection screen;
Kulite sensor with a diameter of d¼ 1.7mm, model XCQ-062-5psi (dif-
ferential operational mode) without protection screen; Kulite sensor
with d¼ 1.7mm, model XCS-062–5psi (absolute operational mode)
with B-screen (minholes placed in a circle on the screen); pinhole with
d¼ 0.35mm; pinhole with d¼ 0.5mm; pinhole with d¼ 0.7mm;
Kulite sensor with d¼ 2.54mm, model XT-140M-5psi (differential
operational mode) with B-screen; and GRAS 1/8-in. pressure micro-
phone, model 40DP without protection screen. The fluctuating pres-
sures were recorded for 30 s with a sampling rate of 100 kHz using a
16-bit GBM Viper data acquisition system. To improve the signal-to-
noise ratio, an external preamplifier (gain factor of 250) with a first-
order high-pass filter (cutoff frequency at 270Hz) was applied to the
Kulite sensors.

The mean flow velocities were measured using a Dantec
single-wire hotwire probe, model 55P11. The hotwire data were
recorded with 10.3 s for each measurement point. A sampling rate
of 50 kHz and a low-pass filter with cutoff frequency of 20 kHz
were applied.

III. RESULTS
A. Boundary layer parameters

Figure 3(a) shows the streamwise pressure coefficient (Cp) distri-
bution for zero, adverse and favorable pressure gradients (ZPG, APG,
and FPG) flows with U1 ¼ 30m/s (U1 denotes the free-stream
velocity at the nozzle exit). For the configuration without the NACA
airfoil, a nearly ZPG turbulent boundary layer (TBL) flow with a slight
APG for x> 1100mm was present. An APG at the measurement posi-
tion was produced with a positive airfoil AOA, as illustrated in Fig. 1.
With a negative AOA, a FPG flow condition was produced. Based on
the measured static pressure of the airfoil, flow separation on the suc-
tion side was identified for the FPG cases with AOAs of �12� and
�14�. Note, there was no flow separation for the FPG II case with
AOA ¼ �12�, see Table I, which was achieved by tests starting with
U1 ¼ 60 m/s. Interestingly, the flow separation on the airfoil also
affected the flow development on the flat plate, indicated by the differ-
ent Cp values between the FPG-12� and FPG II-12� cases.

The mean flow velocity was measured at the mid-span of the
plate and at the streamwise position of x¼ 1170mm, where the differ-
ent types of sensors were mounted, see Fig. 2. Figure 3(b) shows the
boundary layer profiles in wall units for ZPG flows with different
velocities and APG and FPG flows with U1 ¼ 30 m/s. The measured
profiles collapse into the log law with j ¼ 0:384 and Cþ ¼ 4:17 as
suggested by Nagib et al.21 A two-dimensional flow condition within
the measurement area for ZPG, APG, and FPG cases was verified by a
sufficiently weak spanwise variation of the TBL profile measured at
jzj � 80 mm.22

The relevant boundary layer parameters are summarized in
Table I. To determine the boundary layer displacement thickness d�

and momentum thickness h, the mean velocities for locations
y< 1mm are estimated using Spalding’s wall law.23 The values of the
shape factor H for the ZPG flows turn out to be slightly larger than the
values collected in Ref. 21, probably due to the slight APG present in
the measurement area, which also results in small positive values of

FIG. 2. Different types of sensors mounted at x¼ 1170mm.

FIG. 3. (a) Cp distribution of selected flow conditions with U1 ¼ 30 m/s; (b) mean velocity profiles in wall units for ZPG with different velocities and APG & FPG with
U1 ¼ 30 m/s.
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the Clauser parameter bd� . The friction velocity us is estimated accord-
ing to the log-law fitting. The parameter dþ is the normalized diameter
calculated based on the pinhole diameter of d¼ 0.35mm.

B. Wall pressure one-point spectra

Figure 4(a) shows the measured wall pressure one-point spectra
with all sensor types for ZPG at U1 ¼ 30 m/s. Here, the one-point
spectra denote the power spectral density (PSD). The spectra were cal-
culated using a Hanning window with 8192 samples per window and
50% overlap, resulting in a frequency resolution of 12.2Hz.

The result shows that the spectra were contaminated by different
types of disturbances. For example, the Kulite sensors have a high level
of electric noise between 45 and 50 dB. The high-frequency wall pres-
sure spectra that fall below this level are covered by the electric noise.
Furthermore, Helmholtz resonance was excited for the Kulite sensors
with a pinhole construction or a B-screen. Note, in Fig. 4(a), the reso-
nance can only be clearly identified for the pinhole-mounted Kulite
sensors with d¼ 0.35 and 0.5mm. For the other cases, the resonance
is covered by the electric noise, which can be observed after subtrac-
tion of the noise [see Fig. 4(b)]. It is somewhat surprising that a strong
disturbance occurs at low frequencies for the pinhole construction
with d¼ 0.7mm compared to the pinholes with d � 0:5 mm. It is

assumed that hydrodynamic disturbance was induced due to the
“large” pinhole size. Furthermore, the disturbance could be measured
because of the small pinhole depth and the close distance between the
sensor chip and the pinhole.

Figure 5 illustrates problems related to the flush-mounting instal-
lation in the present test of three types. The left sketch shows a cavity
problem for the 1/8-in. microphone and the Kulite sensor without
screens, which occurred because the sensor rim is higher than the
sensing area. The backward-facing step can cause a flow separation
that will produce a strong low-frequency disturbance.24 A stagnation
point of the separation may be expected at around eight times the step
height (h),24,25 which indicates that the entire area of the Kulite sensor
(d¼ 1.7mm) would probably be affected by the separation. This may
explain a more intense low-frequency disturbance measured by the
Kulite sensor than the 1/8-in. microphone.

Furthermore, large chamfers were produced by manufacturing
the holes for the Kulite sensor with d¼ 2.54mm and for the 1/4-in.
microphone, see the middle and right sketches in Fig. 5. The chamfer-
induced disturbances at low and high frequencies measured by the
Kulite sensor can be identified by compared to the spectra measured
with the pinhole-mounted (d¼ 0.35mm) Kulite sensor and the 1/8-in.
microphone. Note, that a similar high-frequency disturbance but with

TABLE I. Boundary layer parameters at x¼ 1170mm.

U1 (m/s) Ue (m/s) d (mm) d� (mm) h (mm) H ¼ d�=h us (m/s) Res ¼ usd=� Reh ¼ Ueh=� bd� ¼ d�
sw

dp
dx dþ ¼ usd=�

ZPG 15 15.1 21.2 3.89 2.7 1.44 0.6 848 2700 0.23 14.0
ZPG 20 20.0 19.8 3.64 2.54 1.43 0.78 1020 3364 0.24 18.0
ZPG 30 29.7 19.3 3.45 2.44 1.41 1.11 1416 4799 0.26 25.7
ZPG 40 39.2 19.2 3.53 2.53 1.4 1.4 1781 6568 0.28 32.5
ZPG 50 48.5 18.2 3.23 2.3 1.41 1.71 2065 7387 0.26 39.7
ZPG 60 58.1 18.5 3.31 2.37 1.4 2.01 2458 9119 0.29 46.5

FPG-10� 20 17.6 17.5 2.57 1.87 1.37 0.76 887 2180 �0.64 17.7
FPG-12� 20 18.6 14.4 1.84 1.37 1.34 0.87 826 1688 �0.52 20.1
FPG-12� 30 29.0 14.3 1.71 1.3 1.31 1.29 1218 2497 �0.26 29.8
FPG-12� 40 38.1 12.4 1.45 1.1 1.32 1.65 1358 2775 �0.08 38.3
FPG II-12� 20 18.1 16.5 2.2 1.65 1.34 0.82 900 1978 �0.54 19.1
FPG-14� 20 19.5 14.3 1.55 1.18 1.31 0.94 894 1524 �0.86 21.9

APG 0� 20 18.8 21.9 4.42 2.9 1.52 0.66 957 3611 0.78 15.3
APG 4� 20 19.0 25.2 5.87 3.64 1.61 0.59 988 4580 1.56 13.7
APG 6� 20 18.9 27.5 6.73 4.06 1.66 0.56 1011 5082 1.91 12.9
APG 8� 15 14.2 31.2 8.19 4.73 1.73 0.4 820 4448 1.96 9.2
APG 8� 20 19.0 30.3 7.91 4.6 1.72 0.52 1039 5788 2.26 12.0
APG 8� 30 28.7 28.7 7.41 4.35 1.7 0.76 1435 8268 2.5 17.5
APG 8� 40 38.3 29.6 7.32 4.35 1.68 0.98 1919 11 033 2.77 22.7
APG 10� 20 19.0 33.3 9.3 5.15 1.8 0.47 1041 6480 2.73 10.9
APG 12� 15 14.2 36.9 11.0 5.84 1.88 0.34 833 5492 2.23 7.9
APG 12� 20 19.0 35.8 10.75 5.72 1.88 0.44 1036 7197 2.91 10.1
APG 12� 30 28.6 34.4 10.21 5.48 1.86 0.63 1444 10 379 3.34 14.7
APG 12� 40 37.6 31.6 9.8 5.24 1.87 0.82 1708 13 048 3.59 18.9
APG 14� 20 19.2 38.3 12.19 6.19 1.97 0.4 1022 7871 3.24 9.3
APG 14� 30 28.6 36.7 11.78 5.98 1.97 0.57 1393 11 326 3.85 13.3
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a smaller magnitude was measured by the flush-mounted Kulite sensor
with d¼ 1.7mm, which has no noticeable chamfers (see Fig. 2). This
indicates that even a very small surface discontinuity found directly in
front of the sensor may cause a measurable high-frequency disturbance.
There might be mid-frequency disturbance, which could be picked up
by flush-mounted sensors with a larger chamfer.18 However, such dis-
turbance cannot be identified in the attenuated spectra due to its small
level. There was no noticeable disturbance measured with the 1/4-in.
microphone, which had the sloped protruding membrane. Golubev
and Kuznetsov26 measured the wall pressure spectra on sloped
forward-facing steps with different slope angles and showed that a
smaller angle could significantly reduce the disturbance magnitude.
The disturbance could not be measured at 2.6 h behind the step with a
step angle of 30� (similar to the 1/4-in. microphone case) and d=h ¼ 7.
For the present case (d=h ’ 100), the disturbance would be smaller
than that measured by Golubev and Kuznetsov, because a larger d=h
can significantly reduce the disturbance.26 Thus, it is assumed that the
step-induced disturbance would only affect the membrane border area
and not disturb the measured spectra because of the very low sensitivity
at the border area.

To extend the usable frequency range for the study of the sensor-
size-related spectral attenuation, the high-frequency disturbances need
to be eliminated. There are three types of disturbances: the electric
noise, Helmholtz resonance, and flush-mounting-related noise. An
example of such a correction for a flush-mounted Kulite sensor is given
in Fig. 4(b). Note that the decibel subtraction should follow the time

sequence of the disturbance occurrence. First, the electrical noise is
subtracted from the measured spectrum with the following expression:

L ¼ 10 log ð10Lm=10 � 10Lnoise=10Þ; (1)

where Lm denotes the measured spectrum level. After subtracting the
electric noise from the overall spectrum, the Helmholtz resonance can
be identified. The subtracted spectrum becomes noisy at frequencies
larger than 20 kHz due to a poor signal-to-noise ratio. Thus, frequen-
cies are not considered for the correction at which the spectral level is
less than 2 dB larger than the electric noise. This introduces a cutoff
frequency for cases where the electrical noise restricts the frequency
range, for example, the pinhole with d¼ 0.7mm [see Fig. 4(a)].
Second, the Helmholtz resonance is corrected with the corresponding
transfer function, which was previously determined with the help of a
laser-generated point source (see Appendix A). Finally, one has to deal
with the flush-mounting-related noise, which can be identified by
inspecting sudden changes in the spectral shape marked in Fig. 4(b).
From the marked frequency onward, it is assumed that the disturbance
dominates the spectrum. It is most likely that this disturbance also
affects the spectrum below this frequency. It can be assumed that the
disturbance and the wall pressure have the same level at the marked
frequency, that is, 3 dB smaller than the measured magnitude. This
value is used in Eq. (1) to correct the spectrum below the marked fre-
quency. Due to the high uncertainty of the assumed disturbance level,
a cutoff frequency is defined with a threshold magnitude of 5 dB larger

FIG. 4. (a) Measured wall pressure one-point spectra with all sensor types for ZPG with U1 ¼ 30 m/s; (b) correction of high-frequency disturbances for the flush-mounted
Kulite sensor with d¼ 2.54 mm.

FIG. 5. Sketch of the flush-mounting-related problems.
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than at the marked point. Frequencies larger than the cutoff frequency
are not considered for the corrected spectrum.

Figure 6 shows the corrected spectra for ZPG with U1 ¼ 30; 60
m/s and APG 12� and FPG-12� with U1 ¼ 30 m/s that are obtained
using the above procedure. The results show that a larger velocity
increases the flush-mounting induced low-frequency disturbance,
whereas for the APG flow condition the disturbance is significantly
reduced except for the Kulite sensor without screen. This effect was
also observed by Hu and Erbig,18 where the flush-mounting-related
disturbance was studied in more detail. Furthermore, additional con-
tamination below 200Hz can be observed (for the ZPG case with
U1 ¼ 30 m/s below 100Hz). Note that the noise level is significantly
increased by installing the NACA airfoil, which affects the develop-
ment of the open-jet shear layer between the airfoil and the plate.18 It
indicates that this low-frequency noise is related to the open-jet shear
layers.

Regarding the Helmholtz resonance correction, the corrected
spectra shown in Fig. 6 illustrate that the resonance cannot be
completely removed using the transfer function determined by the

acoustic excitation (see Appendix A). Small peaks are still visible in the
corrected spectra, and the correction accuracy depends on the pinhole
size. Furthermore, the resonance is also flow-velocity dependent, as
reported in Refs. 27–29. According to the limited success of the reso-
nance correction, an additional cutoff frequency is applied to the
pinhole-mounted sensors. More precisely, it is 20 kHz for the
pinhole with d¼ 0.35mm and 18 kHz for d¼ 0.5mm, as illustrated in
Fig. 6(a).

For the calculation of the sensor-size-related spectral attenuation,
the corrected spectrum measured with the pinhole of d¼ 0.35mm is
chosen as the reference spectrum assumed to have no attenuation.
However, even with such small pinhole size, attenuation of measured
spectra could occur. Gravante et al.6 showed that wall pressure spectral
attenuation was measured at high frequencies in the x�5 region30

with a pinhole diameter dþ ¼ usd=� > 18. According to Table I, this
threshold value is exceeded by many present test cases, for example,
the ZPG cases withU1 � 30 m/s and most of the FPG cases. For high
velocities (U1 � 40 m/s), the x�5 region is removed from the cor-
rected spectrum due to the cutoff frequency [see Fig. 6(b)]. For the

FIG. 6. Corrected spectra, (a) ZPG, U1 ¼ 30m/s; (b) ZPG, U1 ¼ 60m/s; (c) FPG-12�, U1 ¼ 30m/s; (d) APG 12�, U1 ¼ 30m/s.
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ZPG and FPG cases withU1 ¼ 30 m/s and dþ > 18, a small attenua-
tion may be expected in the remaining x�5 region. This uncertainty in
the reference spectra may affect the resulting attenuation value for the
pinhole-mounted sensors but not for the flush-mounted sensors. In
the latter case, the corrected spectra are limited to frequencies below
the x�5 region. Note that the flush-mounted Kulite sensor without
screen is not considered any further due to the strong spectral distur-
bances present for all measured flow conditions.

Figure 7 shows the obtained spectral attenuation for different
sensors. Apart from the low-frequency disturbances, the attenuation is
negligible at low frequencies (below 1 kHz) except for the 1/4-in.
microphone case. The attenuation increases with increasing frequency.
The increase is more pronounced at high frequencies and for sensors
with a larger sensing area. For example, for the 1/4-in. microphone in
ZPG with U1 ¼ 30 m/s, the attenuation is visible starting from
500Hz and increases up to 4 dB at 2 kHz. From 2 to 6 kHz, the attenu-
ation increases rapidly and reaches 20 dB. As expected, the attenuation
spectra are shifted toward higher frequencies at a larger velocity,
see Figs. 7(a) and 7(b). For the APG and FPG cases, the attenuation

spectra have a similar spectral shape to that in ZPG. However, the
attenuation begins at a lower frequency in APG, which can signifi-
cantly affect the attenuation level at high frequencies. For example, the
attenuation at 4 kHz measured with the 1/4-in. microphone increases
from 10dB in ZPG up to 20 dB in APG. For FPG, no corresponding
trends can be observed.

C. Corcos correction

The unsteady pressure measured by a sensor is given by1

pmðx; tÞ ¼
ð
1
pðs; tÞKðs� xÞ dAðsÞ; (2)

where x is the position of some reference point on the sensor surface
and the response kernel K represents the contribution to the sensor’s
output signal caused by a pressure at s. If the unsteady pressure field is
statistically stationary and homogeneous over the sensor surface,
which holds for most practical applications, the measured pressure
one-point spectrum can be determined by

FIG. 7. Attenuation spectra, (a) ZPG, U1 ¼ 30 m/s; (b) ZPG, U1 ¼ 60m/s; (c) FPG -12�; U1 ¼ 30m/s; (d) APG 12�; U1 ¼ 30 m/s.
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UmðxÞ ¼
ð
1

ð
1
UðxÞCðe;xÞKðsÞKðsþ eÞ dAðsÞ dAðeÞ; (3)

where UðxÞ is the actual one-point pressure spectrum and Cðe;xÞ is
the pressure coherence spectrum for two points with a separation of e.
Hence, the spectral attenuation can be calculated with

UmðxÞ
UðxÞ ¼

ð
1
Cðe;xÞHðeÞ dAðeÞ; (4)

where

HðeÞ ¼
ð
1
KðsÞKðsþ eÞ dAðsÞ (5)

is a function exclusively determined by the sensor characteristics.
Corcos1 determined the measured spectral attenuation by solving

Eq. (4). The functionsHðeÞ and Cðe;xÞ in this integral equation were
estimated as follows:

A uniform sensitivity over the sensor surface was assumed to
determine HðeÞ, that is, KðsÞ ¼ 1=r for s inside the sensor surface
and KðsÞ ¼ 0 otherwise. Here, r denotes the surface area of the sensor
and for a circular sensor r ¼ pr2. In this paper, the focus is on sensors
with a circular sensing surface, which are also of the most practical
interest.

With the uniform sensitivity assumption, the function HðeÞ
becomes a function for the overlapping area of two circles separated
by jej, expressed as

HðeÞ ¼ 2
p2r2

cos�1 jej
2r

� �
� jej

2r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� jej

2r

� �2
s2

4
3
5
: (6)

To estimate the coherence spectrum Cðe;xÞ, an expression with
a separable form was suggested,

Cðe;xÞ ¼ Aðxex=UcÞBðxez=UcÞ exp ð�ixex=UcÞ; (7)

where e ¼ ðex; ezÞ and Uc is the convection velocity of the surface
pressure field. The functions A and B represent the coherence decay in

the streamwise and spanwise directions, respectively. The exponential
function provides the phase differences caused by the convection of
the pressure field between two points with ex apart. The form of the
functions A and B was determined by fitting the measurement results
of Willmarth andWooldridge.31

The spectral attenuation was calculated by Corcos1 using Eq. (4)
with the help of Eqs. (6) and (7). The results were given at discrete fre-
quencies between 0:05 � xr=Uc � 10, shown in Fig. 8. In a later
study, Corcos32 proposed a semi-empirical model representing the
coherence of the pressure field

Cðe;xÞ ¼ exp ð�axex=UcÞ exp ð�bxez=UcÞ exp ð�ixex=UcÞ: (8)

The functions A and B in Eq. (7) are formulated with two exponential
functions in Eq. (8). The value of these functions is governed by the
coefficients a and b, which can be empirically determined. The coeffi-
cient values of a ¼ 0:11 and b ¼ 0:73 based on the measurement
result of Willmarth and Wooldridge.31 With these values, Eq. (8) can
be applied instead of Eq. (7). The calculated attenuation spectrum is
shown in Fig. 8(a), which is consistent with the attenuation values pro-
vided by Corcos.1

There is no doubt that the streamwise and spanwise coherence
can be well described with the exponential functions.7,8 However, for
the prediction of the off-axis coherence, the applied form had no proof
and only limited publications have reported the off-axis coherence.
Smol’yakov and Tkachenko33 proposed a different model based on a
wind tunnel’s measurement dataset, which reads

Cðe;xÞ ¼ exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaxex=UcÞ2 þ ðbxez=UcÞ2

q� �
exp ð�ixex=UcÞ:

(9)

This model has the same expression as the Corcos32 model when con-
sidering the streamwise or spanwise coherence only, that is, ex ¼ 0 or
ez ¼ 0. The difference between both models is that Smol’yakov and
Tkachenko33 used an elliptical combination for calculating the off-axis
coherence. In more recent studies, the measurements from Leclercq
and Bohineust34 and Hu35 showed that the Corcos model underpredicts

FIG. 8. Theoretical prediction of the attenuation spectra, (a) ZPG; and (b) APG.
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the off-axis coherence. Furthermore, the off-axis coherence can be well
predicted by the Smol’yakov and Tkachenko model in both spatial and
frequency domains, and also with pressure gradients.35

Hence, the attenuation is calculated with the Smol’yakov and
Tkachenko33 model, using Eq. (9) instead of Eq. (8). The result shows
that there is almost no difference in the predictions at low frequencies
xr=Uc < 2:5 between using the two models, see Fig. 8(a). However, at
higher frequencies the attenuation calculated using the Smol’yakov
and Tkachenko model drops more rapidly and the difference between
both predictions becomes larger. This may be because, first, the differ-
ence of the off-axis coherence prediction between Eqs. (8) and (9) is
small at low xr=Uc and becomes larger with increasing frequency.
Second, at a larger xr=Uc, the attenuation is significantly increased
due to the phase cancelation. A pressure field predicted by the
Smol’yakov and Tkachenko model with a larger off-axis coherence
may effectively increase the phase cancelation and cause a larger atten-
uation correspondingly.

According to Eq. (4), an accurate representation of HðeÞ is also
important for calculating the attenuation. Apparently, the assumption
of uniform sensitivity, which leads to Eq. (6), does not correspond to the
reality. The sensitivity over an actual sensor surface is largest at the cen-
ter area and falls down to zero toward the edge. Based on a measure-
ment on a condenser microphone,15 Blake36 suggested the response
kernel for jsj � r as a function of the sensor radius, expressed as

KðsÞ ¼ 0:198 1þ 4:06J0ð2:96 jsj=rÞ½ �=ðK rÞ; (10)

where J0 is the zero-order Bessel function of the first kind and
K ¼ Ð

KðsÞ dAðsÞ is the calibration factor ensuring the integration of
KðsÞ over the sensor surface equal to unity. With the above expression
for KðsÞ, the effect of non-uniform sensitivity can be taken into account
by introducing an effective radius of the sensor. Gilchrist and
Strawderman12 assumed an effective response kernel with a constant
sensitivity over a smaller area that leads to the effective radius being
equal to the root mean square of the function KðsÞ. White13 argued that
the coherence Cðe;xÞ of the wall pressure field needs to be considered
when investigating the effect of non-uniform sensitivity on the signal
output. The function HðeÞ can be evaluated with the help of Eq. (5)
together with KðsÞ, which uses the non-uniform sensitivity distribution.

Following White’s13 concept, the spectral attenuation is calcu-
lated taking into account the effect of non-uniform sensitivity [see Fig.
8(a)]. It results in a smaller attenuation compared to the one calculated
with uniform sensitivity, as a result of the smaller effective area. By
applying a factor of 0.73 to the sensor radius, that is, reff ¼ 0:73 r, the
spectrum collapses with the one calculated with uniform sensitivity at
xr=Uc < 3:5. The frequency shift and the obtained factor for the
effective radius are consistent with the findings of Ref. 13, where a
slightly smaller factor of approximately 0.7 was given. This difference
is probably due to different formulations of the applied function KðsÞ.
Surprisingly, the conspicuous kinks at frequencies xr=Uc > 3:5 calcu-
lated with uniform sensitivity are smoothed out by using non-uniform
sensitivity. It is worth mentioning that viscous damping becomes
important for the membrane displacement at high frequencies, which
could have a significant influence on KðsÞ, affecting the attenuation
results.15

According to investigations of the pressure-gradient effect on the
wall pressure coherence,8,17,35 the coherence is significantly affected by
an APG, which increases the streamwise coherence decay and slows

down the spanwise decay. To illustrate the APG effect on the attenua-
tion, a ¼ 0:24 and b ¼ 0:4 are applied in Eq. (9), which represent the
wall pressure coherence in a strong APG.35 Figure 8(b) shows that the
APG decreases the attenuation level against the non-dimensional fre-
quency, xr=Uc. The values of a and b are also changed separately
from the values in ZPG to evaluate the APG effect in each direction.
The result shows that the increased spanwise coherence leads to a
broadband reduction in the attenuation level, as expected according to
Eq. (4). There is almost no increase (only minimal at xr=Uc < 1:5) in
the attenuation level observed due to the reduced streamwise coher-
ence. However, the reduced coherence causes a significant decrease in
the attenuation level at frequencies xr=Uc > 3. This may be related to
a weakened phase cancelation due to the less correlated pressure field
in the streamwise direction.

D. Scaling of the attenuation spectra

In this section, the attenuation spectra are scaled with r=Uc as
suggested by Corcos.1 For this scaling, r represents the radius of the
effective sensing area, which, for example, is significantly smaller than
the geometric sensor size when the non-uniform sensitivity is taken
into account. The variable Uc represents the convection velocity, which
needs to be determined separately for sensors with different sizes or
configurations.

The 1/4-in. microphone is taken as a reference for the investigation
of the spectra scaling. This choice is made for the following reasons.
First, no noticeable disturbances of the spectra measured by the 1/4-in.
microphone were observed. Second, the effective sensing area of the
microphone membrane can be precisely defined based on the knowl-
edge gained in Sec. IIIC. Finally, the convection velocity needed for the
scaling is frequency and distance dependent, which can be determined
withUcðDx;xÞ ¼ Dxx=hðDx;xÞ, where hðDx;xÞ is the phase differ-
ence between two sensors with Dx apart. The convection velocity with
the smallest sensor separation of Dx ¼ 2 mm (located at x¼ 1170 and
1172mm, see Fig. 2) is used for the scaling. This value may provide a
satisfactory approximation of the “averaged” convection velocity over
the sensor surface because the distance of 2mm is close to the active
membrane radius (r¼ 2.15mm) of the 1/4-in. microphone.

Figure 9(a) shows the obtained convection velocity with Dx ¼ 2
mm for all test cases listed in Table I, along with the fitting curves
according to

Uc=Ue ¼ a1 xd
�=Ue

1þ b1 xd�=Ueð Þ2:5 þ c1: (11)

where a1, b1, and c1 are the parameters, which need to be determined
by fitting the measured convection velocities. The above expression is
suggested based on the Smol’yakov model,37 which reads

Uc=Ue ¼ a1 xd
�=Ue

1þ b1 xd�=Ueð Þ2 þ c1: (12)

There is a slight difference in the power value ofxd�=Ue in the denomi-
nator between the two expressions. This power value affects the peak
position and the mid-frequency spectral shape. After testing different
values with a step change of 0.5, the value of 2.5 provides the best fit for
the present dataset. An example of the curve fitting for a ZPG case and
an APG case using Eqs. (11) and (12) is shown in Fig. 9(b). For the ZPG
case, both expressions achieve good predictions with similar results.
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However, for the APG case, a better prediction obtained with Eq. (11)
can be observed. Note that the pressure gradient affects the magnitude
of Uc, and particularly, the magnitude decreases significantly in APG.
For a given frequency, the reduced Uc increases xr=Uc, leading to a
larger attenuation [see Figs. 7(a) and 7(d)].

Figure 10 shows the scaled attenuation spectra measured by the 1/
4-in. microphone for all test cases. The effective radius r and the fitting
curves ofUc [see Fig. 9(a)] are applied for the scaling. The effective radius
is estimated based on the discussion in Sec. IIIC, i.e., r ¼ 0:73 rmembrane
with rmembrane¼ 2.15mm. The Corcos correction1 and the result calcu-
lated using the non-uniform sensitivity distribution are also plotted for a
reference.

The results show that the scaled attenuation spectra collapse for
the ZPG and FPG cases and have excellent agreement with the theo-
retical prediction. For the APG case, the spectra are shifted to higher
frequencies, which agree with the theoretical calculation, as illustrated
in Fig. 8(b). Compared to the Corcos1 correction, the prediction range
with high precision is increased to xr=Uc ’ 3:5 with a magnitude of
23 dB, by taking the non-uniform sensitivity into account and using
the Smol’yakov and Tkachenko33 model. At frequencies xr=Uc > 3:5,
the calculated attenuation deviates from the exponential growth and
increases slower. This high-frequency development cannot be verified
or refuted due to the limitation of the frequency range of the measured
attenuation spectra. However, from the measurement result, there is
no evidence of a deviation from the exponential growth up to 25 dB
[see Fig. 10(a)]. Note that the effect of the membrane damping on the
sensitivity distribution is not considered in the theoretical calculation
which could affect the predicted result, especially at high frequencies.

To scale the attenuation spectra measured by the other sensors,
the effective radius and the corresponding convection velocity for each
sensor need to be determined. There are three types of sensors or sen-
sor configurations considered, that is, flush-mounted 1/8-in. micro-
phone without screen, flush-mounted Kulite sensors with B-screen,
and the pinhole-mounted Kulite sensors.

For the flush-mounted 1/8-in. microphone, the effective radius can
be determined in the same way as for the 1/4-in. microphone, that is,
r ¼ 0:73 rmembrane with the active radius of rmembrane¼ 1.05mm.

However, for the other sensors, the effective radius cannot be calculated
in the same way because the wall pressure fluctuations do not act
directly on the sensing surface. For example, for the flush-mounted
Kulite sensor, the signal of the wall pressure fluctuations goes through
the miniholes placed in a circle on the screen and then is averaged on
the sensing chip. The distance between the miniholes may be more
important for the signal averaging than the chip size. This is because the
coherence and phase difference of the pressure fluctuations acting on
the chip are mostly determined by the distribution of the miniholes.
Thus, the distance between the center of the screen and the minihole is
taken as the radius for the scaling, that is, r¼ 0.6 and 0.875mm for the
Kulite sensors with d¼ 1.7 and 2.54mm, respectively. For the pinhole-
mounted sensors, the radius of the pinhole is used for the scaling.

The convection velocity needs to be determined separately for
each sensor due to the convection distance dependence of Uc.
However, the value of Uc for small separations (Dx < 2 mm), which
correspond to the sensor size, cannot be measured. The value is esti-
mated based on the measured results of Uc for separations at Dx � 2
mm (see Appendix B). Figure 21(a) shows that the magnitude of Uc

increases with a larger separation. The spectral shapes of Uc remain
similar with different separations, and the spectra collapse when apply-
ing a distance-dependent scaling factor. If it is assumed that the spec-
tral shape of Uc at smaller separations is comparable with that for the
larger separations, Ucðx;Dx < 2 mm) can be estimated using
Ucðx;Dx ¼ 2 mm) with a scaling factor. The scaling factor su used
for each sensor is determined by fitting the attenuation spectra to that
of the 1/4-in. microphone. The obtained scaling factors, shown in
Fig. 21(d), are su ¼ 0:79 for the 1/8-in. microphone and the Kulite
sensor with d¼ 2.54mm, and su ¼ 0:73 for the Kulite sensor with
d¼ 1.7mm. For the pinhole-mounted sensors, su ¼ 0:7 is applied to
all pinhole sizes because the velocity is assumed to approach a constant
value at very small separations, as well as for the large separations.

Figure 11 shows the scaled attenuation spectra for the cases con-
sidered in Fig. 6, based on the estimated values of r and Uc. For the
flush-mounted sensors, a good match is observed for the APG case
and at high frequencies xr=Uc > 1:5 for all the other cases. A clear
disturbance at low and medium frequencies is visible for the spectrum

FIG. 9. Curve fitting of the convection velocity, (a) all the test cases listed in Table I; (b) ZPG (larger values) and APG 12� (smaller values) with U1 ¼ 30m/s.
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measured by the 1/8-in. microphone. This is caused by the sensor
installation-related issues discussed in Sec. III B. Furthermore, these
issues may cause small disturbances at medium frequencies as
reported in Ref. 18, leading to discrepancies in the spectra for the case
with a higher velocity of U1 ¼ 60 m/s and with FPG.

For the pinhole-mounted sensors, the attenuation is much
smaller than that for the flush-mounted sensors. Noticeable attenua-
tion is observed at a much higher frequency atxr=Uc > 1:3 for all the
measured cases and the magnitude is smaller than 2 dB at xr=Uc ¼ 2,
whereas it reaches 7–8 dB for the flush-mounted sensors. Note that
the attenuation spectra measured by both pinhole-mounted sensors
do not correspond to each other, indicating some add-on effect due to
the different pinhole sizes.

E. Modeling of the attenuation spectra

Based on the good match of the scaled attenuation spectra for the
flush-mounted sensors, an empirical correction model for the attenua-
tion spectra can be developed with the application of appropriate

r and Uc. A correction for the pinhole-mounted sensors is not consid-
ered because their attenuation spectra do not correspond to each
other.

To model the correction, the attenuation spectra measured by the
1/4-in. microphone are used as reference due to the large useful fre-
quency range. Figure 12 shows examples of an excellent fit to the
attenuation spectra for a ZPG case and an APG case using a power-
function expression

10 log
UmðxÞ
UðxÞ

� �
¼ a2

xr
Uc

� �b2
; (13)

where a2 is an amplitude factor and b2 controls the spectral shape.
Furthermore, both variables are assumed to be boundary-layer-param-
eter dependent. Using Eq. (13) to fit the measured spectra of all test
cases listed in Table I, the values of a2 and b2 are determined and plot-
ted in Fig. 13. The results illustrate the dependence of a2 and b2 on the
selected TBL parameters us=Ue and Res, respectively, and the best fit
curves are found as

FIG. 10. Spectral attenuation for the flush-mounted 1/400 microphone, (a) ZPG; (b) FPG; and (c) APG.
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a2 ¼ �32:505 us=Ue � 1:275; (14)

b2 ¼ 0:704Re0:112s : (15)

To apply the correction, the values of r and Uc need to be deter-
mined according to individual test conditions. Regarding the sensor
effective radius r, the present measurement covers a large range of sen-
sor types, which are commonly applied for the wall-pressure fluctua-
tion measurement. The values used in this work are recommended for
general use, and the criteria for determining the effective radius can be
used for other sensor types not covered in this work.

For the application of Uc with individual sensor types, the value
can be estimated using Ucðx;Dx ¼ 2 mm) with a scaling factor,
which is used in this work or can be estimated for other sensor types
according to the result shown in Fig. 21(d). However, Uc at Dx ¼ 2
mm still needs to be modeled, which is done by fitting the measure-
ment results with Eq. (11) (see Fig. 9(a). The determined values of
the variables are shown in Fig. 14, along with the best-fit curves
according to

a1 ¼ maxðð1:157Res � 793Þ=Res ; 0:1Þ; (16)

a1=b1 ¼ maxðð0:164Reh � 300Þ=Reh ; 0:01Þ; (17)

c1 ¼ 0:973H�1:748: (18)

In the expression for Uc in Eq. (11), the variables a1 and b1 affect
the peak level and the spectral shape at low and medium frequencies.
An increase in a1 or a decrease in b1 would raise the peak level, and
vice versa. By investigating the dependence between the above varia-
bles and TBL parameters, it can be said that both variables are mainly
dependent on the Reynolds number. The limits applied in Eqs. (16)
and (17) avoid that the peak level is too large or too small (no peaks),
leading to unexpected results. Note that, due to the low-frequency dis-
turbance, the peaks cannot be clearly identified in some test cases [see
Fig. 9(a)]. Those cases are not taken into account for the determination
of the variables. Furthermore, the relation for the variable b1 on the
TBL parameter is expressed as a1=b1 due to the better fitting result.
This may be because the peak level and the spectral shape at medium

FIG. 11. Scaled attenuation spectra, (a) ZPG, U1 ¼ 30 m/s; (b) ZPG, U1 ¼ 60m/s; (c) FPG-12�; U1 ¼ 30 m/s; and (d) APG 12�; U1 ¼ 30 m/s.
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frequencies are affected by a1=b1 rather than b1. The variable c1 con-
trols the high-frequency magnitude, which can be significantly affected
by the pressure gradient. Based on the experience with the wall pres-
sure spectra modeling,38,39 the Clauser parameter bd� and the bound-
ary layer shape factor H could be the good candidates for predicting
the pressure gradient effect. The disadvantage of using bd� is that the
value of bd� is strongly affected by the local pressure gradient. This
may weaken the importance of the near-upstream history. However,
the near-upstream history is assumed to be important for the wall
pressure fluctuations due to the lag effects of pressure gradients.8,18,40

The TBL flow with a local ZPG, that is, bd� ¼ 0, but which experiences
a near-upstream pressure gradient may have similar wall pressure
spectra as that in pressure gradient flows.18 Instead, the parameter H is
mainly affected by the flow history. Therefore, it is selected and the
result shows that the value of c1 can be well predicted using Eq. (18).

F. Application of the correction model

To assess the generality of the proposed correction, four other
test cases are selected. These are three experiments conducted in other
facilities and one conducted in the present measurement setup but
using a different sensor. The wall pressure spectra of the experiments
conducted in other facilities were measured at different fuselage posi-
tions of an Advanced Technology Research Aircraft Airbus A320 in
flight tests,41 at x=c ¼ 0:99 (c denotes the chord length) on the suction
side of a NACA 0012 airfoil with different AOAs in wind tunnel
tests,42 and at a rear roof section of a Mercedes-Benz E-Class model in
wind tunnel tests.43 The TBL parameters of those cases needed for the
application of the correction are listed in Table II. The parameters for
the aircraft and airfoil tests were obtained by CFD calculations44,45 and
for the car test were measured using a pitot tube rake. Note, that for
the airfoil test cases, the numerical results are used instead of the

FIG. 12. Curve fitting of the attenuation spectra with U1 ¼ 30 m/s according to Eq. (13), (a) ZPG; and (b) APG 12�.

FIG. 13. Determination for variables in Eq. (13) and curve fitting according to Eqs. (14) and (15), (a) a2; and (b) b2.
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measurement results. This is because the TBL parameters were mea-
sured at the position slightly behind the trailing edge (x=c ¼ 1:0038),
which could have a more than 10% larger TBL thickness compared to
that at x=c ¼ 0:99, reported in Ref. 46. Furthermore, the value of H
for the flight test cases is calculated based on incompressible flow
assumption, that is, without taking variations in air density into
account. The following considerations are behind this choice: the TBL
velocity profile that can be represented by the parameter H is assumed
to be an important factor in determining the wall-pressure convection
velocity Uc. If the air density variation within the compressible TBL
flow is considered, the value of H will increase significantly. For exam-
ple, for the aircraft’s front position case, the value increases up to 1.67
instead of 1.34, although with a ZPG-like velocity profile.44 The
increased value can significantly lower the predicted magnitude of Uc

according to Eqs. (11) and (18), which is unexpected based on the
measured convection velocity from the flight tests.44

Before applying the correction, we need to determine the values
of r and Uc for each selected case. For the one conducted in the present
measurement setup, the wall pressure spectra were measured with a

surface microphone GRAS 48LA, which has an active membrane
radius of r¼ 1.8mm. For the flight test cases, surface microphones
B&K 4948 with an active membrane radius of r¼ 4.5mmwere applied.
For both microphones, the factor of 0.73 derived previously can be
applied for the calculation of the effective radius, that is, reff ¼ 0:73 r.
The values of Uc for the GRAS and B&K microphones are estimated
based on the development of the scaling factor su according to the
microphone radius, resulting in Uc ¼ 0:96Ucðx;Dx ¼ 2 mm) and
Uc ¼ 1:12Ucðx;Dx ¼ 2 mm), respectively [see Fig. 21(d)]. For the
airfoil and car test cases, the Kulite LQ-062 and XT-140M (the same
as the present test) with B-screens were applied, respectively. The val-
ues of r andUc used for the Kulite sensors in the present test are taken.
Note that the Kulite LQ-062 has a slightly smaller sensor radius
(r¼ 0.8mm) than the Kulite XCQ-062 (r¼ 0.85mm) used in the pre-
sent test, but with the same B-screen configuration (same distances
between mini-holes), which is assumed to be decisive for determining
the effective radius.

Figures 15–18 show the measured and corrected wall pressure
spectra. In Fig. 15, the spectra measured with the pinhole-mounted

FIG. 14. Determination for variables in Eq. (11) and curve fitting according to Eqs. (16)–(18), (a) a1; (b) a1=b1; and (c) c1.
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sensor are included and taken as the actual spectra without attenua-
tion. A cutoff frequency is applied to all the corrected spectra because
an over-correction occurs above this frequency. The over-correction is
probably due to the sensor-mounting-related disturbance discussed in
Sec. III B.

The actual and corrected spectra show great agreement for all
three pressure gradient conditions. The correction works well up to
the cutoff frequency where a large attenuation occurs. For example, for
the ZPG case, an attenuation of more than 20 dB is successfully
corrected.

TABLE II. Boundary layer parameters of selected cases.

Ue (m/s) d� (mm) H ¼ d�=h us (m/s) Res ¼ usd=� Reh ¼ Ueh=�

Aircraft, front position 249.9 11.41 1.34 7.19 10 162 41 448
Aircraft, mid-position 241.4 21.32 1.24 7.21 24 334 79 259
Aircraft, rear position 237.5 31.97 1.26 6.89 32 155 118 980
NACA 0012, AOA¼ 0� 52.3 2.52 1.69 1.19 778 4964
NACA 0012, AOA¼ 4� 51.6 3.6 1.86 0.84 672 6376
NACA 0012, AOA¼ 6� 50.1 4.44 1.97 0.59 534 7120
NACA 0012, AOA¼ 0� 35.4 2.73 1.73 0.78 536 3563
Car roof, rear section 44.1 8.35 1.35 1.42 5237 17 717

FIG. 15. Measured and corrected wall pressure spectra with U1 ¼ 20m/s for selected cases listed in Table I, (a) ZPG; (b) FPG II-12�; and (c) APG 12�.
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For the other results shown in Figs. 16–18, the correction works
over a wide frequency range and the corrected spectra show a constant
slope at medium frequencies as expected for the wall pressure spec-
tra.17,30,39 However, it is hard to assess the accuracy of the correction
because the actual spectra without attenuation are not available. Here,
the uncertainty involved in the application of the correction is estimated
based on the following two aspects: 1, uncertainty in the variables of the
correction model, Eq. (13); 2, uncertainty in the prediction ofUc.

Figure 19 shows the effect of the uncertainty in the variables a2, b2,
and Uc of Eq. (13) on the corrected spectra, based on the case of ZPG
with U1 ¼ 30 m/s shown in Fig. 12(a). The results show that the effect
is small at low frequencies but becomes significant with increasing fre-
quency. For example, a 10% uncertainty in Uc leads to an error of 1 dB
at xr=Uc ¼ 2 and the error increases to 3dB at xr=Uc ¼ 4. The effect
caused by the uncertainty in variable a2 is small and less relevant than
that caused by b2. A 10% uncertainty in b2 can lead to an error of 5 dB
atxr=Uc ¼ 4. Note, that the uncertainty of the fitting curve for the var-
iable b2 [see Fig. 13(b)] is within 5% in all test cases. In general, a large
error is not expected due to the uncertainty in the input variables.

IV. CONCLUSION

A measurement aiming to quantify the wall-pressure-spectra
attenuation caused by signal averaging over the sensor surface was
conducted in the Acoustic Wind Tunnel Braunschweig (AWB). The
turbulent boundary layer (TBL) flow was developed over a flat plate
model. An adjustable NACA 0012 airfoil was placed above the flat plate
to produce adverse and favorable pressure gradients (APG and FPG) at
the measurement position. With a free-stream flow velocity between 15
and 60m/s, the range of Reynolds numbers, 1500 < Reh < 11400, was
covered in the measurement.

The wall pressure spectra were measured using sensors of differ-
ent sizes, types, and mounting configurations, that is, flush- and
pinhole-mountings. Based on the reference spectra measured with a
pinhole-mounted sensor, the attenuation spectra for different sensors
were calculated, and the results show that the attenuation is larger for
sensors with a larger sensing area and for a flow with a lower free-
stream velocity. Furthermore, it was demonstrated that an APG
increases the attenuation significantly, whereas a FPG has no notice-
able effect on the attenuation.

FIG. 16. Measured and corrected wall pressure spectra for the flight test cases41 listed in Table II, (a) front position; (b) mid-position; and (c) rear position.
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According to Corcos,1 the sensor radius r and the convection
velocity Uc are the key parameters for calculating the attenuation. In
practice, non-uniform sensitivity over the sensor surface which was
not considered by Corcos can significantly reduce the effective sensing
area. This issue was discussed from the theoretical point of view, and
the effective radius of sensors was suggested.

Furthermore, the fact that Uc depends on the flow condition and
convection distance7,8 is of great importance for determining the
attenuation. A convection velocity model was proposed, including the
Reynolds number and pressure gradient effects. A scaling factor for
the distance dependence was suggested to determine Uc applied to dif-
ferent sensor sizes.

Finally, a correction model as a function of TBL-dependent
parameters was proposed, which can be applied to a wide range of
flow conditions and commonly used sensor types. To assess the pre-
sent correction model, four test cases were selected which were
measured at different facilities with different sensor types, covering a
wide range of Reynolds numbers (1:6� 103 < Reh < 1:19� 105).

FIG. 17. Measured and corrected wall pressure spectra for the NACA test cases42 listed in Table II, (a) AOA¼ 0� with Ue ¼ 52:3m/s; (b) AOA¼ 4� with Ue ¼ 51:6m/s; (c)
AOA¼ 6� with Ue ¼ 50:1 m/s; and (d) AOA¼ 0� with Ue ¼ 35:4m/s.

FIG. 18. Measured and corrected wall pressure spectra for the car test case43

listed in Table II.
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The results show that spectral attenuation can be corrected with the
model by more than 20 dB with high accuracy.
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APPENDIX A: HELMHOLTZ RESONANCE
OF THE MOUNTED SENSORS

To measure the Helmholtz resonance and the transfer function
of the applied sensors, a laser sound source was used. The source
was generated by the expansion of a plasma, which was produced
by focusing the high energy laser beam on a small spot.47,48 Based
on the monopole-like directivity of the source, the sound pressure
measured at different positions is of the same magnitude when the
distance correction is taken into account.48 Thus, the source can
also be used for the sensor calibration after mounting, correcting
the small uncertainty of the calibration beforehand and the possible
effect due to the individual mounting configuration.

Figure 20(a) shows the sound pressure spectra measured with
the sensors located at x¼ 1170mm, which are averaged spectra
based on more than a hundred laser pulses. Taking the 1/8-in.
microphone as reference, the spectral magnitude is adjusted within
a range of 60:3 dB to achieve the best fit below 6 kHz where no
effect of the resonance or the attenuation is expected. These
obtained adjustment values are also applied to the measured wall
pressure spectra in the present work for the analysis of the attenua-
tion spectra.

The result shows that the resonance of the pinhole-mounted
sensors, and also, the Kulite sensors with B-screen can be accurately
determined. To calculate the corresponding transfer function, the
spectrum measured with the Kulite sensor without screen is taken
as a reference assumed to have no attenuation due to its small size.
This assumption is expected to be true at least below 50 kHz
because the sensing area (chip size of 1mm2) of the Kulite sensor is
much smaller than the 1/8-in. microphone and the attenuation
measured by the 1/8-in. microphone is only observable at frequen-
cies larger than 35 kHz.

The obtained transfer functions are plotted in Fig. 20(b), along
with fitting curves determined with the following expression:49

Hð f Þ ¼ 1

1þ i
q ð f =frÞ � ð f =frÞ2

; (A1)

where q is the quality factor and fr is the resonance frequency. The
fitting curves are in good agreement with the measurement results.
The obtained curves are used in the present work to correct the
measured wall pressure spectra.

APPENDIX B: DISTANCE DEPENDENCE
OF THE CONVECTION VELOCITIES

Figure 21(a) shows the convection velocities for different sen-
sor separations, measured with U1 ¼ 30 m/s in ZPG. The velocity
is calculated with Ucðx;DxÞ ¼ Dxx=hðx;DxÞ, where hðx;DxÞ is
the phase difference with a streamwise separation of Dx. The result
shows that the magnitude of the velocity spectra increases with a

FIG. 19. Uncertainty estimation of the correction based on, (a) uncertainty in the variables of Eq. (13); and (b) uncertainty in Uc.
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FIG. 20. (a) Sound pressure spectra measured at x¼ 1170mm; and (b) transfer functions, (dashed line) measured spectra, and (dotted line) fitting curves.

FIG. 21. (a) Convection velocities with U1 ¼ 30m/s in ZPG; (b) scaling of the convection velocities with U1 ¼ 30 m/s in ZPG; (c) scaling of the convection velocities with
U1 ¼ 30 m/s in APG 12� (smaller values) and FPG �12� (larger values); (d) scaling factors; n, 1/400 microphone; �, 1/800 microphone;�, Kulite with d¼ 1.7 mm;3, Kulite
with d¼ 2.54mm;", GRAS 48LA; $, B&K 4948.
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larger Dx. This is because the smaller eddies moving with a lower
velocity die out over a shorter distance. Consequently, at the larger
distance, the obtained velocity is rather attributed to the larger
eddies moving with a higher velocity.

Interestingly, the velocity spectra shape with different separa-
tions seems to be comparable. Figure 21(b) shows that, with a scal-
ing factor su, the velocity spectra collapse to Ucðx;Dx ¼ 2 mm)
with only a small discrepancy at lower frequencies. This feature also
holds for flows with pressure gradients. Figure 21(c) shows the col-
lapse of the velocity spectra for an APG and a FPG cases scaled
with the same values of su used for the ZPG case, which are plotted
in Fig. 21(d). Furthermore, Fig. 21(d) shows the estimated values
for the different sensors used in the present test, which are obtained
through scaling the measured attenuation spectra. The values for
two other microphones used for the application cases, that is, GRAS
48LA and B&K 4948, are estimated based on the development trend
of su. For convenience, su ¼ 1 (for Uc with Dx ¼ 2 mm) is used for
the 1/4-in. microphone with the active membrane radius of
r¼ 2.15mm. This introduces a scaling factor of 0.93, that is,
Dx ¼ 0:93 r, which is applied to all the sensors shown in Fig. 21(d)
because the sensors are referenced to the 1/4-in. microphone.
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