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Low-wavenumber pressure fluctuations generated by turbulent boundary
layers are the source of both flow-generated sound and structural vibration in
many applications. However, the form and origin of these fluctuations are poorly
understood, not least because measurement of this component of the wall
pressure spectrum is especially challenging. This paper describes a new method
for low-wavenumber pressure measurement using arrays of resonating sensors
inspired by acoustic metamaterials. Measurements are made using the array in
high Reynolds number turbulent boundary layers and show the sub-convective
components of the wall pressure spectrum in a zero-pressure gradient turbulent
boundary layer flow.

I. Introduction

Turbulent pressure fluctuations on aerodynamic surfaces generate sound by exciting vibrations of the aerodynamic
surface itself or by scattering at salient geometric features, such as a trailing edge. The wavenumber frequency
spectrum of wall pressure @, (k, ) is the simplest time-averaged form of the pressure fluctuation field that has
sufficient sophistication to represent the acoustic or vibration source. There have been a number of studies on
prediction models of the wavenumber spectrum for an equilibrium two-dimensional turbulent boundary layer over a
planar surface. These models typically have considerable uncertainty in their predictions at wavenumbers below the
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Figure 1: Schematic of the wall-pressure wavevector frequency spectrum
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convective ridge because of a lack of experimental verification. Models of the wall pressure wavenumber frequency
spectrum are reviewed by Blake [1], Graham [2], Liu and Dowling [3], and Juve [4] amongst others. The models
themselves include the widely used Corcos model [5], which uses a simple separation of variables approach and early
measurements made by Bull [6] and Willmarth and Woolridge [7] that indicated that decaying exponentials could be
used to represent variations seen in the convective ridge. The Chase model [8, 9], made particularly accessible in the
description of Blake [1], is generally regarded as the most accurate model. It was derived directly using the Poisson
equation, and arguments about the possible form of the mean shear turbulence and turbulence-turbulence correlation
terms. Other models include those due to Efimtsov (which extends Corcos’ approach), Smol’yakov and Tkachenko,
and Ffowcs Williams, see [1-3].

Figure 1 depicts the general form of the wavenumber frequency spectrum for a low Mach number turbulent boundary
layer. Pressure fluctuations produced directly by the footprint of the turbulent eddies are primarily found in the
convective ridge with a slope (in streamwise wavenumber k; and frequency) roughly equal to the average convection
speed of the eddies, typically between 60 and 80% of the boundary layer edge velocity. The boundary layer also
produces weak pressure fluctuations at wavenumber frequency combinations away from the convective ridge
associated, presumably, with elongated turbulent structures, non-sinusoidal components of convected eddies, near-
field sound waves generated within the turbulence and scattered from any non-planar features of the surface. Sound
waves grazing the surface appear on an acoustic cone with a surface slope equal to the sound speed, and all other
sound waves appear within the cone because of their supersonic trace velocity across the wall. This is called the
supersonic region of the spectrum. This and the subsonic region, between the acoustic cone and the convective ridge,
are the most important regions for coupling to vibration modes of an elastic wall or the acoustic far-field via a
scattering edge.

There appear to be at least three techniques that have been attempted for separating these components of the pressure
field from the much more intense fluctuations associated with the convective ridge. Using a regularly spaced array
(linear or rectangular) of large area pressure fluctuation sensors was an approach pioneered by Maidanik [10, 11] and
further developed and applied by Blake and Chase [12, 13], Farabee and Geib [14] and Kudashev [15], among others.
An example of this ‘small array/large sensor’ approach are the measurements of Farabee and Geib made of the low-
wavenumber components of turbulent boundary layers just downstream of roughness fetches. Measurements were
made using six 1-inch B&K microphones spaced at intervals of d = 26.9 mm in a linear streamwise array. By
differencing alternate microphone outputs, the array was used to discriminate pressure fluctuations around k; = m/d.
By selecting suitable frequencies (6 kHz and 2.5 kHz) this difference mode array was then used to infer spectral levels
in the sonic and subsonic regions. The regular structure of the array enabled these simple manipulations, practical in
the analog electronic systems of the time, to yield measurements at specific wavenumbers. The large area of the
sensors served to filter out much of the unwanted pressure fluctuations associated with convective ridge motions, but
some portion of these work to confound the measurement through spatial aliasing. Aliasing seems inevitable in any
array with a sensor spacing that fails to resolve the smallest turbulent scales - the sensor diameter needed to anti-alias
filter the pressure field through area averaging is at least twice the sensor spacing, implying overlapping sensors. A
much finer regular linear array of some 48, 3 mm diameter pressure sensors was used by Abraham and Keith [16] to
try to alleviate this issue. Likewise, Manoha [17] used an evenly spaced linear array of some 32, 8.3 mm diameter
hydrophones, and Bremner [18] used a similar array of MEMS microphones on a flexible substrate to study the space-
time correlation structure of the flow over a car side window in the wake of a wing mirror. The larger number of
sensors used in both these studies and the more modern measurement technologies available allowed for direct spatial
Fourier transforming of the measurements.

A second method used in the measurement of the low wavenumber components of the wall pressure spectrum is to
use a thin flexible membrane excited by these large-scale motions. Representative studies are Martin and Leehey [19],
who studied a Mylar membrane excited by a plane wall boundary layer in air, Bonness [20] who used a thin cylindrical
aluminum shell carrying a turbulent pipe flow, and Golubev [21] who studied thin aluminum alloy and glass plates
deflected under a planar turbulent boundary layer. Bonness [20] studied turbulent flow through a 1.22 m long,
150 mm diameter pipe instrumented with accelerometers. The raw measurements revealed the resonant response of
the structural modes in the pipe wall, which are then related to the modal force (using experimentally determined
mode shapes), which in turn is related to the wavenumber spectrum of the wall pressure fluctuations providing the
excitation. The analysis process requires iterative adjustment of the wavenumber spectrum level until the
experimentally measured vibration levels are matched. A comparison of these studies with the Chase model has been
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shown in Figure 2. The small peaks in the model results coincide with the acoustic cone, and the large peak with the
convective ridge. Note that the model predictions are shown for a Mach number representative of hydrodynamic
applications (0.004). For low speed aeroacoustic applications the scale separation between the acoustic cone and
convective ridge would be at least an order of magnitude smaller. Agreement between model and measurements
appears reasonable in the subsonic range, but even here the overall uncertainty in levels appears to be on the order of
10 dB. This uncertainty is too great for sufficiently accurate sound and vibration predictions. Panel vibration
measurements have produced some of the lowest wavenumber measurements of the surface pressure spectrum (several
orders of magnitude below the convective wavenumber). The method, however, appears less easily adapted than
sensor-based approaches to inhomogeneous boundary layer studies.
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Figure 2: Comparison of wall pressure wavenumber frequency spectrum measurements with Chase model
predictions (Blake [1]).

A third approach for wavenumber-frequency spectrum measurement has been to use large arrays of electret, remote
or digital microphones that can resolve some of the smaller turbulent scales. This has been a particular focus of
researchers interested in automobile wind noise, specifically interior noise generated by pressure fluctuations on car
side windows enhanced by the presence of the upstream A-frame pillar and wing mirror. A sequence of studies using
this approach was initiated at Ecole Centrale de Lyon by Arguillat [23]. They used 63 microphones mounted in array
across the diameter of an “antenna” disk, embedded in a wall under a turbulent boundary layer, that could be rotated
to different angular positions. The goal of this type of measurement is to measure the spatial dependence of the two-
point cross-spectrum of wall pressure fluctuations as fully as possible, which can then be Fourier transformed to yield
the wavenumber frequency spectrum of wall pressure. This study and its successors [24-28] have used this approach
to reveal elements of the three-dimensional wavenumber frequency spectra of two-dimensional turbulent boundary
layers subject to zero, favorable and adverse pressure gradients. Ehrenfield and Koop [29] demonstrated in 2005 that
estimates of wavenumber frequency spectra from surface pressure array data could be deconvolved using procedures
similar to those developed for beamforming with far-field acoustic arrays.

Ehrenfield and Koop [29], along with a number of others, also realized that for homogeneous pressure fields only the
sensor separation vector is important in determining the two-point surface pressure characteristics. Regular arrays of
sensors have many repetitions of the same separation and so can be considerably less effective in defining a large
range of scales than arrays designed to optimize the number and distribution of separation vectors, the so-called co-
array. Using this approach, they designed a 0.6 m square array of some 48 point pressure sensors for measuring the
wavenumber frequency spectrum of a zero-pressure gradient turbulent boundary layer. Gabriel [30] also employed
this approach to study the space-time correlation structure of the flow over a car side window in the wake of a wing
mirror. Arrays of 92 digital MEMS microphones were mounted in a 52 mm wide single array designed to define
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1849 distinct separation vectors. Measurements were processed to obtain wavenumber spectra assuming local
homogeneity. Most recently Schram [31] used an optimization scheme to place 64 electret microphones on a rotatable
disk so as to define a detailed and effective co-array. Measurements made in a zero pressure gradient turbulent
boundary layer appear quite similar to those of Prigent [27, 28], Arguillat [23, 24] and Ehrenfield and Koop [29].
Specifically, investigators using this large array/small sensor approach have been able to produce maps that clearly
reveal the convective ridge and acoustic cone. However, it is not at all clear that this strategy is capable of revealing
the low spectral levels associated with the boundary layer in the subsonic region away from the convective ridge.

In summary, low-wavenumber measurements in homogeneous boundary layers have previously been attempted using
large sensor/small array, small sensor/large array, and flexible membrane methods. While the membrane approach has
supplied important data for homogeneous boundary layers, it does not appear suitable for the inhomogeneous problem.
The large sensor/small array method has the advantage of sensors that inherently filter out a significant portion of
contaminating convective pressure fluctuations but appears to suffer from inherent spatial aliasing. The small
sensor/large array approach suffers less from aliasing since it resolves the convective pressures, but then appears to
be frustrated by complementary problems of signal to noise ratio in resolving the sub-convective domain. This paper
describes a new method for low-wavenumber pressure measurement using arrays of resonating sensors inspired by
acoustic metamaterials. A brief description of the sensor is made here along with results proving the averaging
behavior of the sensor which makes the use of the sensor viable for this application. The approach allows for flexibility
in geometry that then allows for the design of arrays that reduce much of the aliasing experienced in previous work
using small arrays of large sensors. We have used this new array to make measurements in a series of high Reynolds
number canonical turbulent boundary layers, with well documented mean-flow, turbulence, and convective wall
pressure properties [33, 34]. In this paper we describe the array as well as PIV instrumentation used to provide
accompanying information about the boundary layer turbulence structure with zero-pressure gradient.

I1. Experimental Facility and Instrumentation
A. Virginia Tech Stability Wind Tunnel

This experimental study was conducted in the Virginia Tech Stability Wind Tunnel (SWT), as shown in Figure 2. It
is a closed-circuit, single return, subsonic wind tunnel with a test section which can be configured with Kevlar side
walls, or aluminum panel sidewalls to permit different acoustic and aerodynamic configurations. The test section is
7.32m long and 1.83 x 1.83 m in cross section. The SWT can support a maximum flow speed of 80 ms~* which
corresponds to a Reynolds number of about 5 million per meter. The experiments in this study were conducted with
aluminum side walls. This configuration comprises of 2’ x 2’ square panels, arranged in a grid pattern which can be
removed and replaced with custom instrumentation [34]. The floor and the ceiling of the SWT were also lined with
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Figure 3: General layout of the VT Stability Wind Tunnel
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foam wedges to minimize ambient noise pollution from the surroundings of the facility. The free-stream turbulence
of the SWT is documented to be quite low, at about 0.012 % at 20 m/s and increasing gradually to about 0.031% at
57 ms~1,

A top-down view of the test section is presented in Figure 4. The flow enters the contraction, prior to the test section
where it is tripped using a 3.18 mm thick trip strip to transition into fully turbulent flow once it reaches the test section
(shown in Figure 4). The test section houses a 0.91 m chord NACA 0012 airfoil mounted on a turntable for changing
angle of attacks to achieve a wide range of pressure gradients, both adverse and favorable, on the boundary layer of
the test-section walls. The airfoil quarter chord is positioned, nominally, at x = 3.43m and y = 0.925m.
Throughout this paper, the two side walls of the test section will be referred to as either the “port” wall or the
“starboard” wall, which respectively correspond to the walls facing the pressure and suction side of the airfoil (marked
in Figure 4). All panels of the test section have static pressure taps running along the center line in the flow direction,
which are used to derive the pressure gradient impressed by the airfoil on the walls. The mean pressure distribution
on the airfoil and the corresponding pressure distribution imposed on the walls were measured as a function of the
angle of attack of the airfoil and Reynolds number. The pressure distribution was measured via 0.5 mm holes tapped
on the surface/walls with flexible Tygon tubes connected to a combination of DTC Initium ESP-32HD acquisition
system (range = 10 in. WC and accuracy = +0.05%) as wells as an Esterline 98RK-1 NetScaner system (range =
2.5 PSl and accuracy = 0.05%).
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Figure 4: Top-down view of the test section of the Stability Wind Tunnel at Virginia Tech

B. Velocity and turbulence Measurements

Measurements of the mean flow and turbulence in the boundary layer were made with a combination of a Pitot-probe
rake and time-resolved Particle Image Velocimetry (P1V). The Pitot-probe rake device comprised of 30 pitot-static
probes spaced with increasing separation. To minimize the aerodynamic blockage and unsteady flow separation, this
rake was installed within a NACA 0012 profile fairing. The fairing had a chord length of 114 mm and a total span of
191 mm. The probes were extruded upstream, to a distance of 101 mm from the leading edge of the aerodynamic
fairing and were installed in a logarithmic fashion to measure the stagnation pressure of the flow at 30 instances normal
to the wall. The probes spanned from y = 1 to 178 mm normal to the wall. Figure 5 shows the Boundary Layer Rake
during one of the experiments on the port wall of the Stability Wind Tunnel. The static pressure was measured using
the static pressure ports on the panel, just below the stagnation point of the rake. The pressure data collected from the
rake was sampled using DTC ESP 32HD 20” water pressure scanner. Boundary layer rake measurements were made
at various streamwise points along the centerline of the port wall of the Stability Wind Tunnel. The Clauser plot
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method [35] was used to estimate the wall shear stresses using the boundary layer rake data, where Spalding [36]
profile was used instead of the piecewise law of the wall.
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Figure 5: Modular boundary layer rake device installed in boundary
layer wall of Stability Wind Tunnel

The corresponding time-resolved turbulence measurements were made with a high-speed stereoscopic particle image
velocimetry (PIV) system. Two Phantom v2512 high-speed cameras (with Nikon 300-mm lens) were installed in the
floor and were focused onto a light sheet emitted by a Photonics Industries DM series, Nd-YAG 532 nm laser, with
a maximum single pulse frequency of 25.6 kHz. The light sheet illuminates a flow seeded with atomized Propylene
Glycol with an average particles size of approximately 1 um. The cameras along with Nikon 300 mm lenses were
calibrated with a LaVision type 106 — 10 two-level calibration plate using DaVis 10.0. At each measurement station,
the flow-fields were sampled with different strategies to obtain fully converged statistics along with adequate spatial
and temporal resolution. Two fields of view at two different sampling frequencies were taken at each condition and
streamwise location. A lower sampling frequency of 1 kHz, provided about 24 seconds of data providing converged
turbulence statistics while a superior sampling frequency of 12.8 kHz for 2 seconds. The size of each data set was

NACA0012
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Figure 6: Test section of the Stability Wind Tunnel with various systems



Downloaded by Penn State Univ on April 4, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2022-1795

limited by the internal storage of the camera which allows approximately 24000 images per sampling frequency.
Figure 6 shows the assembled test section with various components for one measurement configuration of the pressure
sensing array and the PIV.

C. Test Matrix

Using the various instrumentation described in the previous sections, data was acquired at several streamwise distances
at the mid-span of the port wall of the Stability Wind Tunnel. At these various streamwise distances, pressure gradient
was controlled by sweeping the NACA 0012 from —10° to 12° in increments of 2°. Another variable which controlled
the flow conditions was the adjustment of the freestream wind velocity. A total of 10 Reynolds numbers scaled on the
airfoil chord (i.e., 0.914 m) were selected. The selected Reynolds numbers ranged from 7.62 x 105 to 3.5 x 10° and
were quasi-logarithmically separated from one another. For this test, the analysis is done for one of these given
conditions. The data presented in the upcoming sections will include the flow conditions for 1.17 million Reynolds
number, for a pressure gradient given by 0° angle of attack, at a location 1.164 m downstream of the origin. Figure 7
shows a sample of the coefficient of mean pressure profile generated by the variation in the angle of attack of the
NACA 0012 on at the midspan of the portside wall. These are generated by measuring the static pressures from
pressure taps distributed along the streamwise distance of the portside walls.
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Figure 7: Mean pressure coefficient profile for 2 million Reynolds number case at the
midspan of the port wall of the SWT

I11. Low-Wavenumber Pressure Sensing Array

The study performed by Damani [37] demonstrated the excitation of acoustic metamaterials on a non-flow side of a
metasurface using turbulent boundary layer flows on the flow side. The metamaterial was in a quiescent environment
while the flow was coupled with the metamaterial using a Kevlar covered half-wave cavity with a slot profile. The
cavity shape had a length and width associated with it in addition to the depth, giving it a resonator characteristic.
Acoustic measurements performed close to the cavity exit showed that the pressure field here was highly coherent and
closely representative of the spatial average of the turbulent pressure fluctuations over the Kevlar covered cavity. In
addition to this result, Damani [38] used time-resolved particle image velocimetry to show that the effects of the
Kevlar covered open cavity on a turbulent boundary layer flow were negligible. This rendered the use of these
resonator-based cavities as flow sensing devices which have the capabilities of wavenumber filtering.



Downloaded by Penn State Univ on April 4, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2022-1795

Tests were performed on a prototype resonating sensor of the type shown in Figure 8, consisting of a Kevlar-covered
quarter-wave cavity 3 X 15 mm in width and length, and 21 mm deep. The sensing microphone was placed at the
bottom of the cavity and the sensor was tested by exposing the Kevlar covered top surface of the cavity to calibration
signals as well as turbulent boundary layer pressure fluctuations. Measurements on this prototype sensor confirmed
the very high coherence of pressure fluctuations at the bottom of the cavity with the top of the sensor exposed to flow
and showed behavior consistent with this pressure signal representing an unweighted area average of the turbulent
pressure fluctuations here.
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Figure 8: (a) Cavity profile (all dimensions in mm), (b) Schematic of tests performed on
a quarter-wave cavity

A. Array Design

The pressure sensing array comprised of 38 rectangular-shaped quarter-wave resonator cavities covered by 0.08 mm
Kevlar scrim (inspired from acoustic metamaterials [37]), arranged in a running bond pattern along the streamwise
(x) direction. The array was printed in three parts using ABS Plus material on a Connex 3 printer with a layer thickness
of 16 microns, which were later assembled as one unit. The array spanned a total of 1050 mm in the streamwise
direction with the sensors occupying a length of 961 mm from the center of the first sensor to the center of the last
sensor (shown in Figure 9 (a)). The profile of the resonator cavity is displayed in Figure 9 (b) along with some
geometrical features to mount the array on a flat metal plate, 4’ x 2’ in cross-section. The figure also describes the
coordinate system for the resonator cavities which is consistent with the tunnel coordinates. The cavities were 50 mm
long in the stream direction (x), 3 mm in the span direction (z) and 30 mm deep (—y). The cavities were separated
into 2 rows along the span direction by 5 mm measured center to center. The streamwise separation between the
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Figure 9: (a) Top view of pressuring sensing array, (b) Isometric view of the resonating cavities and microphone

locations, (c) Top side view of assembled array with Kevlar mounted on a flat metal plate, (d) Bottom side view of
the array with microphones.
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cavities was 26 mm which decided the wavenumber range of the system. The staggering of the adjacent rows
effectively overlaps the sensors greatly reducing the streamwise aliasing of pressure fluctuations, so that simultaneous
measurements with the sensors of the array can be used to determine the streamwise wavenumber transform of the
wall pressure, averaged over spanwise wavenumber. The array was mounted on a metal plate such that the Kevlar
covered portion was exposed on the side and was flush with the surrounding metal surface as shown in Figure 9 (c).
The assembled array along with the plate was mounted at the mid height of the port wall in the test section of the
tunnel. The assembled array occupied 2 panels of the test section and its position was changed along the stream
direction to cover 3 sets of locations from the beginning of the test section. The array used electret condenser type,
Knowles FG-23329-P07 microphones due to their flat frequency characteristics, dynamic range, and small size. These
microphones were attached on the sides of the array at the bottom of the cavity sensors owing to the uniform behavior
inside the cavity [37].

The resonating sensors could have a variety of shapes theoretically, but here it was decided to have a simple profile
which could be rapid prototyped with precision as well as could be numerically modeled. The idea of modeling was
to estimate the wall pressure fluctuations based on current models and is discussed in Section 111 — D. It is important
to highlight here that the design of an individual sensor was based on two considerations including the flow conditions
particularly the boundary layer thickness and the resonant modes associated with the cavity dimensions. The flow in
the Virginia Tech Stability Wind Tunnel is typically characterized by a boundary layer thickness of about 50 mm near
the start of the test section where the array was installed. The length of the cavities was chosen to be 50 mm such that
these sensors could average over scales equivalent to the boundary layer thickness which comprised mainly of
convective structures. This implied an averaging over the convective regime of the wall pressure fluctuations which
made the detection of low-wavenumber pressure fluctuations possible. From the measurements performed by Damani
[37], it was shown that the coherence property was limited to the modes along the length of the cavity, and this limited
the frequency response of the sensors. Here, a length of 50 mm corresponded to a fundamental mode of 3.4 kHz
which limited the response of the sensors and hence the array. The output of interest was the zero spanwise separated
streamwise wavenumber frequency spectrum which implied having zero width sensors, theoretically. This was not
possible practically, so a finite width of 3 mm was chosen which was limited by the cleaning requirements of the
rapid prototyping technology. The depth of the cavities was decided such that the fundamental mode of the sensor
would lie within the first spanwise mode giving the sensor a characteristic of a second order spring-mass-damper
system. Hence, a depth of 30 mm was chosen for the sensor which had a resonant mode at 2.83 kHz. A schematic of
the sensor is shown in Figure 10 indicating the location of the microphone.

50 mm

v

3mm‘/"4

Kevlar scrim

wuw og

Microphone location
Figure 10: Kevlar covered resonating sensor

The shape of the sensor was chosen as a rectangle whose profile was easy to model in the wavenumber domain.
Assuming a uniform sensitivity of the sensor the sensor response could be modeled as a 2D rectangular window
function whose wavenumber equivalent is a 2D sinc (sin(x) /x) function. In order to have sufficient wavenumber
resolution, the length of the array must be long. Keeping this in mind, the length of the array was chosen based on the
structure of the experimental facility. The skeleton of facility was such that it could be covered with 2’ x 2’ panels
and hence the length of the array was limited to two 2’ x 2’ panels along the flow direction, i.e., equal to the length
of one 4’ x 2’ panel. As mentioned above, aliasing is inevitable and to keep it at the minimum, the sensor spacing
needs to be at least half the sensor length implying spatial overlapping of the sensors, which was not practical. To
overcome this, the sensors were arranged in two rows such that the separation distance in the spanwise (z) direction
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would be minimum i.e., the second row was as close to the first as possible, targeting the zero spanwise separation
component. The second row of sensors was displaced in the streamwise direction to achieve the anti-aliasing criterion.
The separation of the sensors in the streamwise (x) and spanwise (z) direction was based on the structural
characteristics of the rapid prototyping technology which displayed warping for thin-walled structures. The walls had
to be rigid enough to prevent structure-acoustic interaction and contaminate the response of the sensor, and to mitigate
the warping of thin walls during rapid prototyping process. Based on this design, the array operating frequencies were
from the lowest frequency the sensors could be calibrated (about 80 Hz) till the spanwise mode (about 3.4 kHz) and
the maximum wavenumber resolved was based on the sensor separation of 26 mm which corresponded to about
120 rad /m. The wavenumber resolution was based on the number of sensors on the array or the largest separation
between sensors.

B. Calibration

To analyze the data from the array, a calibration was performed in a large anechoic chamber with a cut-off frequency
of 100 Hz. The setup for the same has been shown in Figure 11. It comprised of an omnidirectional speaker placed
around 3.5 m away from the array to be calibrated and two B&K Type 4190 reference microphones were mounted
very close to the array, aligned with the middle sensor in either row of sensors. The array was mounted on a large
piece of MDF board to minimize scattering effects to lower frequencies associated with the dimensions of the
assembly. All sensors were calibrated in the frequency range of 80 to 6000 Hz. The lower limit was constrained by
the anechoic chamber cut-off frequency and the higher limit was set by the speaker response.

BT

Figure 11: Calibration setup for pressure sensing array in a facility at Virginia Tech

The response of the individual cavity-sensors of the array is determined by finding the relation between the measured
output signal of each sensor and the incident pressure on the i*" Kevlar-covered cavity sensor. A schematic of signal
flow for the calibration setup is shown in Figure 12. Here, the cavity response function to be determined is A(w)
which is given by:

Ai(w) =

E[Vn (@)
EVi@) (@] @

E[Vi(w

where V! is the signal from the cavity-sensor, V,, is the signal from the white noise signal and Vpi is the signal on the
Kevlar membrane of the cavity. The last of these signals (I/;,i) is not known but is found using the reference microphone
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output (V). As the reference microphone is aligned with the sensor in the center, there is a need of a time delay which
corrects for the spatial difference between the reference microphone and any it" sensor. Hence, the signal at the surface
of any i*" sensor would be

A(w)
i
% (6 Cavity; Microphone; Vi (0
) Ci(w) M;(w) "
White V(1) ,(0)
noise Speaker
source e
P Reference » V.(D)
mic
R(w)

Figure 12: Schematic of signal flow for the calibration setup

Vo (@) = Vi (w)/R(w)e" )

where t; is the time-delay between the reference microphone and R (w) is the reference microphone response function.
The time delay for the it* cavity was found by fitting a linear curve to the response function of the it* cavity without
any time delay. This reduces the cavity response function to:

EVL @@ G,
A9 = I ) [R@) T U @)~ G (@) ¢ ®)

where G,,, (w) is the cross-spectrum between i sensor and the white noise source and G,,, (w) is the cross-spectrum
between reference microphone and the white noise source. The calibration of the array yields response functions which
show effects of scattering from the edges in frequency range of 200 to 800 Hz. These effects were prominent for
sensors away from the reference microphone i.e., closer to the edges of the MDF. This suggests that this calibration
scheme was not ideal as it involved sources of errors and work is being done to improve on this technique for future
arrays. The response function from calibration (Eqg. (3)) was fitted with a smoother curve to minimize the uncertainties
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Figure 13: Left: Amplitude calibrations; Right: Phase calibrations for all 38 sensors on the array
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in phase and to avoid the scattering effects affecting the data processing. These fitted amplitude and phase corrections
are shown in Figure 13. The amplitude corrections show a second order system behavior with a peak corresponding
to the fundamental resonant mode of the cavity (about 2200 Hz). A 30 mum deep cavity exhibits a resonant mode of
2833 Hz theoretically, but this is reduced in practicality due to end effects and the presence of Kevlar which broadens
the peak. The rise in the response function beyond the first peak occurs as the fundamental mode along the length of
the cavity is approached. However, this is not of importance as the calibrations are valid only till about 6000 Hz.

C. Data Acquisition and Processing

The microphones used for the sensors were connected to Type 3050 LAN-XI DAQ modules using BNC cables. An
intermediate connection to DB25 Breakout Board was used to supply the microphones with a DC supply of 1.5 V and
for grounding. Data was recorded with a sampling frequency of 65536 Hz for 32 seconds. The processing of data
from the array involved the tunnel flow conditions such as the velocity and Mach number which were obtained from
the mean pressure data from the tunnel as temperature in the contraction and the static pressure in the settling chamber.

As mentioned earlier, one way to study the wall pressure fluctuations is to look at the wavenumber — frequency
spectrum. The wavenumber — frequency spectrum of the wall pressure is defined as the Fourier transform of the space-
time correlation function which is given by

R 1) =pltzpx+{z+nt+1) (4)

Here, (¢,n) is the separation between two points in the x — z plane of the array as defined in Figure 9, and the p
indicates an expected value. The spectrum requires the Fourier transform in space and time; hence the process is split
into two: transforming in time first to obtain the cross-spectral density and then transforming in space to obtain the
wavenumber — frequency spectrum. The cross-spectral density is obtained as

1 (® .
G((.n,a))zgf R({,n,T)e'“"d1. (5)

The wavenumber transform becomes as follows

1 (e .
¢(kx,kz,w)=WJ J G(,n, w) e {CxS+ka dedy, (6)

Inverse transforming in k, then gives the streamwise wavenumber frequency transform as a function of separation (1)

ke, @) = f O (ky, ky, 0)eindk, )

These definitions assume that the pressure fluctuations are stationary in time and homogeneous in the x — z plane.
This assumption is good for time stationarity and homogeneity in the z direction, but the homogeneity in the stream
(x) direction is limited. As the data is sampled for a finite time period and the array spans a finite region with its
sensor distribution, the above relations reduce to discrete transforms when applied to the measurements. The cross-
spectral density, Eq. (5) is calculated as

NTEC
At
Gap (¢, 1, )™ =7_Z DET*(bPw. )DFT(aPw. 8
ap($, 1, @) 21NN,y w2 4 ( n n) ( n n) )

where At is the sampled time frame, N, are the number of records the signal is divided into, N is the number of
samples inside one record, w? is a factor for the window type used, DFT represents the numerical Fourier transform
operation and a,w,, b, w,, denote the sensor output signal multiplies with a window function. The summation is done
over all records implying ensemble averaging. In a similar manner the auto-spectrum of a sensor could be obtained
by setting the input as the same sensor signal instead of a different sensor. A single sided auto-spectrum was evaluated
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for all the sensors on the array. The spectrum evaluation used a record length of 8192 samples with 50% overlap.
Each record was windowed using a Hanning window (w? = 3/8) and the sampling frequency and record length gave
a frequency resolution of 8 Hz.

The calibration for each sensor was then applied to the frequency spectrum which corrected for the amplitude and
phase of individual sensor giving the measured signal as pressure fluctuation. The calibration corrected the auto-
spectra by dividing out the magnitude of the response function of each sensor while the cross-spectra were corrected
by dividing the product of respective sensors. As the array comprised of 38 sensors spaced uniformly in a streamwise
direction with a small displacement in the spanwise direction to accommodate the sensors, the cross-spectral density
of sensors could be assumed to be a function of only the streamwise distance. Each combination of sensors indicated
some spatial separation in the x direction, however some of which were repeated. For instance, the very first sensor
in line and the one next to it (displaced 26 mm in x from the first) gave one pair. Another pair could be sensor 2 - 3,
3 - 4 and so on. This could be done for farther spaced sensors as well such as sensor 1 - 4, 2 - 5 and so on, but for
each separation the number of combinational pairs reduced. Hence, the cross-spectrum for each spatial separation
could be averaged over the number of combinations for that separation to obtain an averaged cross-spectral matrix.
The averaged cross-spectral matrix was then numerically Fourier transformed in streamwise distance, using a Nuttall
window to obtain an estimate of the streamwise wavenumber frequency spectrum of Eq. (7), for zero spanwise
separation n. Theoretically, an infinitely thin sensor in the spanwise direction i.e., zero thickness in the z — direction
would average over all the spanwise wavenumbers giving rise to a wall pressure spectrum as a function of zero
spanwise separation i.e., n = 0 in Eq. (7). Here, the sensors were displaced in the spanwise direction for anti-aliasing,
and this implied that the sampled wall pressure fluctuations could be assumed to be at zero separation in the spanwise
direction. This assumption simplifies the data analysis process however the results do not represent the wall pressure
spectrum at zero separation rather a small finite separation of 5 mm.

D. Array Modeling

A mathematical model was developed to estimate the accuracy of the array measurements and to reveal sources of
error as has been done in previous studies [11][14]. This particularly involves a convolution of the wavenumber
response of the array of sensors with a known wall pressure spectrum model [5][9]. The wavenumber response of the
array is determined from the individual sensor response and the response due to the sensor arrangement. The uniform
individual sensor response implies a sinc function (Eqg. (9)) in wavenumber space with the arguments as the sensor
physical dimensions with [ as the length of the sensor in x and w as the width of the sensor in the z —direction.

A = (2711)2 k,j/z kzulz/z sin <%> sin <kzzw) ®

The arrangement of the sensors was incorporated as a complex exponential with an argument of the spatial separation
between the sensors. Hence, the measured cross-spectrum (S,,) from the array of sensors could be modeled as

Saq (B, @) = ff b (e, ) | ACK) 265 dle, d s (10)

where ¢, is the wall pressure spectrum from the Chase model [9], A(k) is the wavenumber transform of the sensor
spatial sensitivity and the exponential term accounts for the sampling in space by the spatially distributed sensors.
Here, the array comprised of a streamwise distribution of sensors in 2 rows with every sensor in the second row shifted
by 26 mm in the x — direction while 5 mm in the z — direction with respect to the sensor in the first row. Cross
spectral estimates from Eq. (10) were then numerically Fourier transformed in x in the same manner as the
measurements to obtain estimates of the streamwise wavenumber frequency spectrum. Comparisons of these with the
original Chase spectrum model then provided estimates of measurement errors.
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IV. Results and Discussion

Experiments were performed for a variety of Mach number and pressure gradient flows, with the array subjected to
various boundary layer conditions. However, this paper focuses only on results with the zero-pressure gradient when
the array was located at the beginning of the test section for an airfoil chord Reynolds number of 1.17 million. The
boundary layer conditions for this case were measured using the BL Rake at x = 1.164 m from the start of the test
section. This position corresponded to a location just upstream of the very first sensor of the array. The boundary layer
properties at this location have been summarized in Table 1. These indicate the flow to be a high Reynolds number
but low Mach number flow.

Table 1: Boundary layer properties over the array

Free stream velocity (U, m/s) 22.37
Edge Velocity (U,, m/s) 22.077
Boundary layer thickness (&8, mm) 54.21
Displacement thickness (6%, mm) 7.834
Friction velocity (U,, m/s) 0.828
Momentum thickness (6, mm) 5.91
Reynolds number per meter (Re/m) 1424627.62
Momentum Thickness Reynolds number (Reg) 7627.7
Reynolds Number (Re.) 286.8
Shape Factor, (H) 1.33
Mach number on freestream (M) 0.0657

The normalized boundary layer profile for this case is shown in Figure 14 (a) below. In this figure, the boundary layer
thickness is selected to be the distance normal from the wall where the local streamwise velocity component becomes
equal to 99% of the freestream velocity, which is termed as the edge velocity, U,. The flow characteristics extracted
from the boundary layer rake measurements were then used later in the acoustic analysis for the low-wavenumber
pressure sensing array. Figure 14 (b) shows a plot of the boundary layer profile in wall units. This profile is plotted
on a standard Spalding [36] profile for this condition. Boundary layer profiles measured downstream at x = 2.47 m
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Figure 14: (a) Normalized boundary layer profile on the boundary layer thickness; (b) Boundary layer profile
at Re = 1.17 million superimposed with the Spalding profile
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for this flow condition showed no significant change in the flow profile and a growth in the boundary layer thickness
to 67.1 mm, and a change in momentum thickness Reynolds number to Reg = 9382.8 and a shape factor of H =
1.31. Comparing this to the boundary layer characteristics measured upstream of the array, at x = 1.164 m from the
origin, where the boundary layer thickness was § = 54.2 mm and the momentum thickness-based Reynolds number
(Rey) was 7627.7 with a shape factor (H) of 1.33. The thickness of the boundary layer grew by 12.9 mm over a
streamwise distance of 1.3 m.

These results were also confirmed through PIV measurements. Particle Image Velocimetry (PIV) and acoustic
measurements were conducted at different locations within the test section at various pressure gradients and Reynolds
numbers. This study focuses on the zero-pressure gradient case at a location upstream of the airfoil as exemplified in
Figure 6. The Reynolds number based on the chord of the airfoil for this case was 1.17 million with a freestream
velocity of 20.4 m/s. This was equivalent to Rey = 6830. The data collected using PIV was processed to obtain the
boundary layer velocity profiles and the Reynolds stresses as shown in the figures. This data was then compared to
the results obtained by DeGraaff and Eaton [39] which was collected for a flow over a flat plate at Rey = 5200. The
data is normalized on the inner scaling including the friction velocity (u,) and the kinematic viscosity (v). In Figure
15 (a), the mean velocity profile obtained follows a similar trend to the flat plate results [39], both of which can be
accurately described by the log law. The Reynolds stresses obtained are also comparable to the DeGraaff and Eaton
[39] results as shown in Figure 15 (b) and this indicates good P1V data. The non-dimensional Reynolds stress obtained
from the PIV is seen to fall off below about y* = 200, a result that is due to under-resolution of the v — component
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Figure 15: (a) u™*, (b) u?, (c) —u'v'* profiles vs normalized wall normal distance (y*) for a flow with zero
pressure gradient (Reg = 6830, dashed). All plots compared to DeGraff and Eaton flat plate data for a zero-pressure
gradient flow at Rey = 5200 (solid).

fluctuations near the wall.
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In the array, 38 measurement sensors were located every 26 mm from x = 1.614 to 2.833. Figure 16 (a) shows the
surface pressure auto-spectra from all sensors in decibels (dB re 20 uPa) after applying the calibrations of each sensor,
as a contour map. The abscissa represents the streamwise separation distance x — x,, from the location of the most
upstream sensor. The ordinate plots the frequency on a logarithmic axis in Hz and is limited by the spanwise mode of
the sensor. On the color scale, red represents high levels while the blue represents low levels in dB. One can see a
general decreasing trend with frequency which is a characteristic of the wall pressure fluctuation over a smooth wall.
The spectrum appears streamwise homogeneous with a sensor-to-sensor uncertainty of about +1.5dB at all
frequencies. Line plots of the auto-spectra as a function of frequency normalized on inner scales are shown in Figure
16 (b). The dark blue lines refer to the positions upstream, green corresponds to sensors in the center of the array and
the bright red to the most downstream section of the array. The black dashed line shows the normalized point pressure
auto-spectrum measured at x = 1.21 m in this flow but at a higher flow speed of 35 ms~1 [32]. The solid line shows
the point-pressure auto-spectrum implied by the Chase model for the boundary layer scales. The red dashed line shows
the same Chase spectrum but calculated by accounting through the spatial averaging of each array sensor, according
to Eqg. (10). The array sensor spectra fall well below the pointwise pressure spectra and the difference increases with
increasing frequency. This, of course, is due to the attenuation of small-scale pressure fluctuations by area averaging.
The array sensor spectra appear quite closely consistent with estimates made using Eq. (10), particularly in the mid
frequency range. There appears to be a discrepancy in the levels between Chase and the measured array
which could be due to a scaling factor but the averaging by the array seems evident.
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Figure 16: (a) Contour map of the auto-spectrum in dB as a function of frequency and distance; (b) Line
plots of normalized Autospectrum as a function of normalized frequency on inner scales (u,, t,,)

The magnitude of the averaged cross-spectrum matrix (in decibels) obtained with the array is shown in Figure 17, as
a function of frequency and streamwise separation (4x). For Ax = 0 this plot represents the average auto-spectrum of
all 38 sensors. The contour map shows a drop in cross-spectral density levels with frequency. One can also see subtle
patterns/fringes which we suspect are manifestations of imperfections in the wavenumber response of the array. At
certain frequencies, there are horizontal bands which indicate acoustic noise or sound as these span all sensors. There
are features running diagonally across the contour with weaker magnitude and these indicate the sub-convective
structures but this not very apparent till the wavenumber transform is taken. The frequency — spatial separation
decomposition is transformed into a streamwise wavenumber — frequency spectrum by Fourier transforming along the
separation. During this process the cross-spectral matrix is conjugate flipped and windowed to obtain less spectral
leakage to higher wavenumbers.
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Figure 17: Contour plot showing the averaged cross-spectral matrix as a
function of frequency and streamwise separation.

The wavenumber — frequency plot is shown in Figure 18 (a) with the streamwise wavenumber (k,) on the x —axis
and the frequency on the y —axis on a logarithmic axis. A black dashed line represents the convective ridge line based
on the boundary layer parameters and the red dashed line represents the sound line. The color scale represents the
magnitude of the Fourier transformed cross-spectral matrix (Figure 17) in dB. The frequency limits have been cut-off
at 3450 Hz which corresponds to the resonant mode of the cavity along its length. There is a large dynamic separation
between the acoustic and convective regime which is referred to as the sub-convective regime. The array can separate
the acoustic and convective features as seen from the two distinct red contours. For the low-speed flow studied here,
the area between the convective line and the sound line is large with the convective ridge limited to low frequencies
(about 300 Hz). Acoustic features are visible at low frequencies and wavenumbers along the sound line. Further along
the sound line these features become feeble although traces of it can be seen especially at higher frequencies. A feature
at about 500 Hz lying between the two lines is suspected to be due to the folding back of the convective ridge owing
to the sensor wavenumber response side lobes.

Figure 18 (b) shows the wavenumber — frequency spectrum as a function of normalized frequency and wavenumbers.
The spectrum is also normalized on the boundary layer parameters such as the displacement thickness, wall shear
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Figure 18: Wavenumber — frequency contour plot for a flow at M, = 0.066 in zero pressure gradient (a)
in SPL levels; (b) Normalized on boundary layer parameters (6%, t,,, Us)
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stress and the flow speed. A general decreasing trend with increasing frequency is seen with the exception that the
levels increase over the convective ridge and the acoustic cone. Some features in the sub-convective regime such as
the one at about 2500 Hz corresponds to the resonant mode of the sensor. These features are better visualized when
constant wavenumbers are picked on this plot and the variation is seen as a function of frequency.

The wavenumber — frequency plot can be compared to the comprehensive Chase model [9], also discussed by Blake
[1] in detail. The model represents a three-dimensional plot with the wavenumbers in streamwise and spanwise
direction of flow as well as frequency. However, here the array measures data at zero spanwise wavenumber which
represents a planar section corresponding to zero spanwise wavenumber of the Chase model. The Chase model was
modeled with sufficient range and resolution to capture the spectrum for which a convergence study was performed
with varying range and resolution and study the effects on the predictions. A grid resolution with 400, 1210 and 820
points were chosen along the frequency, streamwise (k,) and spanwise (k,) wavenumber, respectively. Figure 19
shows the zero-spanwise-separation wavenumber — frequency wall pressure spectrum as predicted by Chase (black)
and the one obtained from the array (red) at three streamwise wavenumbers corresponding to k,;6* = 0.148,0.398
and 0.625 as a function of frequency. The y — axis shows the levels of the spectrum in dB rel 20 uPa and the x — axis
shows the frequency. There is a clear difference in levels seen between the two plots and is suspected to be due to a
scaling factor but overall, the sub-convective features are seen to be captured by the array. The array data does not
extend to lower frequencies due to limited frequency band of calibration and the microphone response. There are some
bumps seen in the array data which are due to the convective ridge folding back into low wavenumbers which was
also seen in Figure 18. The peaks at higher frequencies are due to the resonant mode of the sensor. This clearly shows
that the array can measure wall pressure spectrum using resonating cavities and the levels measured are comparable
to those implied by the Chase spectrum.
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Figure 19: Measured wavenumber — frequency plot at zero spanwise wavenumber and a streamwise wavenumber
of 19, 51 and 80 rad /m from the top to the bottom compared with Comprehensive Chase model [9].
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Results from modeling the array response at the boundary layer conditions are shown in Figure 20. The wavenumber
—frequency spectrum using Chase model is shown in Figure 20 (a) and it was obtained by integrating over the spanwise
wavenumbers of the 3D spectrum shown in Figure 1. The x — axis represents the streamwise wavenumber (rad/m)
while the y — axis is the frequency in Hz. The Chase model predicts the convective ridge, and this is seen as contours
of constant levels around the convective line. The Chase does not capture the acoustics as these features are not
modeled in the definition. Estimates of the wavenumber — frequency spectrum found using Eq. (10) is shown in Figure
20 (b). The estimate uses the Chase model for the wall pressure spectrum but convolves it with the array response.
This introduces features in the spectrum some of which correspond to the averaging behavior of the sensor while
others due to the sensor wavenumber response. In Figure 20 (b), the convective ridge seems to be cut short compared
to the Chase model which is due to the averaging behavior of the sensor. A feature at about 500 Hz is an artifact seen
due to the finite spanwise separation of sensors. A model with zero spanwise separated sensors (a hypothetical case)
yields an estimated spectrum with no such feature. There is a secondary lobe seen in the modeling which occurs due
to the folding of the aliased convective ridge from wavenumber response of the sensor. The acoustic line is not
captured by the modeling as the Chase model does not contain acoustics. Above a frequency of about 1000 Hz, there
are ridges observed which are an artifact of the wavenumber response of the sensor. This suggests that the modeling
can estimate the averaging by the sensor, however, it requires further investigation on the mathematical model of the
sensor as it seems to introduce aliasing.
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Figure 20: (a) Modeled Chase Spectrum (b) Modeled Array Spectrum. Acoustic
line (red), Convective line (black)

V. Conclusions

An extensive set of measurements was acquired in a wind tunnel to study the low-wavenumber characteristics of the
wall pressure fluctuations in the presence of adverse, favorable and zero pressure gradients using an array of Kevlar
covered resonating sensors. The study presented here focuses on a single flow case with zero-pressure gradient. The
boundary layer parameters were documented using Pitot rake and particle image velocimetry measurements. This
paper describes the design of a possible array of sensors inspired by acoustic metamaterials along with its calibration
process. The calibration reveals scattering effects using regular calibration schemes, and refined procedures need to
be investigated to calibrate such arrays. Analytical modeling of the array response with existing wall pressure models
is introduced, and its results are compared with the experimental results. The modeling shows fair agreement with the
data although some discrepancies are seen due to assumptions of the sensor spatial sensitivity during modeling. The
results show that the array is successful in filtering out wavenumbers larger than the one associated with the sensor
length scale which dampens the convective regime of the wall pressure fluctuations and gives better signal-to-noise
ratio in the sub-convective regime. Some features in the sub-convective region especially at low frequencies and
wavenumbers suggest aliasing due to the sensor shape. It is surprising to see faint features along the acoustics line at
higher frequencies suggesting filtering of acoustics as well. The measured data from the array of sensors at low Mach
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number and high Reynolds number was compared with the comprehensive Chase model [9] evaluated at the same
flow conditions as the measurements. The comparison revealed a difference in levels between the model and the
measurements which was seen to be increasing with wavenumber. The measurements revealed artifacts due to the
aliasing from the array; however, the convective peak was captured relatively nicely. This study showcases the
feasibility of an array of resonating sensors to measure low-wavenumber pressure fluctuations beneath a turbulent
boundary layer. It highlights the importance of the effects of the sensor shape and their distribution on the measured
spectrum and suggests designing optimized arrays with lower aliasing and higher resolution.

In future work, the relation of the low-wavenumber pressure fluctuations with pressure gradients and flow speeds
would be explored from the data collected in this experiment, and optimized arrays would be developed based on
numerical modeling of the array with different configurations and shapes.
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