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Simulating the acoustic response of cavities to improve
microphone array measurements in closed test section
wind tunnels

Colin VanDercreek,® Francesco Avallone,” Daniele Ragni,” and Mirjam Snellen?
Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands

ABSTRACT:

Cavities placed along wind tunnel walls can attenuate the turbulent boundary layer (TBL) fluctuations as they
propagate into the cavity. Placing microphones within the cavities can thus improve the signal-to-noise ratio of
acoustic data. However, standing waves form within these cavities distorting the acoustic measurements. This work
uses a finite element (FE) solver to evaluate how cavity geometry (depth, diameter, and wall angle) and wall
material (hard-walled and melamine foam) affect the amplitude and eigenfrequency of standing waves when excited
by an incident acoustic plane wave. Good agreement between predicted and measured acoustic transfer functions is
shown. Compared to cylindrical cavities, countersunk and conical cavities improve the overall response, i.e.,
reducing the quality factor quantifying the resonance and damping characteristics. Stainless steel coverings also
reduce the quality factor. A finding is that the shape of the external foam holder rather than the cavity shape drives
the standing wave characteristics for the melamine foam cavities. The optimization problem of minimizing the
acoustic response while also attenuating the TBL is thus decoupled by using the melamine foam. Consequently,
these considerations can be addressed independently by optimizing the outer cavity shape for acoustics and the
melamine foam insert for TBL attenuation. © 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/).
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I. INTRODUCTION

Acoustic array measurements on the wall of closed test
section wind tunnels are affected by turbulent boundary
layer (TBL) hydrodynamic pressure fluctuations. When their
levels are higher than those of the signal of interest, the
resulting low signal-to—noise ratio (SNR) hinders source
identification and quantification. There are two complemen-
tary approaches to improve the SNR. The first is to use
beamforming with an array of microphones.1 The array
intrinsically reduces the influence of incoherent TBL pres-
sure fluctuations by using the microphones integral to the
array to perform beamforming which identifies coherent
(over the microphones) acoustic sources. This reduces but
does not eliminate the effect of the incoherent TBL pressure
fluctuations. Applying beamforming post-processing techni-
ques such as removing the diagonal of the cross-spectral
matrix (CSM), using other imaging methods such as
CLEAN-SC,? or performing principal component analysis
on the CSM? further reduces the TBL noise contribution.
However, these techniques cannot detect sources more than
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20dB below that of the TBL noise level, depending on the
microphone array configuration.* The second technique is to
place the microphones within cavities embedded in wind
tunnel walls. Cavities improve the SNR by attenuating the
TBL hydrodynamic fluctuations at the microphone loca-
tion.””” The attenuation of TBL pressure fluctuations is
dependent on several geometrical parameters. Specifically,
the cavity depth,”® diameter,” and presence of a counter-
sink’® have been shown to influence the measured TBL
spectra. Furthermore, covering the cavities with an acousti-
cally transparent material such as Kevlar>'® or a finely
woven stainless steel cloth® has been shown to reduce the
TBL spectra levels further by approximately 10dB com-
pared to the same cavity without a covering. Although there
are a significant number of studies focusing on the noise
radiated from cavities,''™'? there are limited studies on the
impact of cavity geometry on acoustic measurements made
with microphones placed within the cavities. The cavity
shape determines the frequencies at which standing waves
occur and the amplitude of the resulting spectral peaks. In
addition to amplifying the acoustic signal, cavities can dis-
tort the signal by attenuating it. This article describes a sim-
ulation framework for improving cavity designs for wind
tunnel acoustic measurements.

The standing waves, also referred to as quarter—
wavelength modes, and the resulting amplification occur

©Author(s) 2022.
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when the incident acoustic wave and the wave reflecting off
the cavity bottom constructively coincide, at a frequency
near the cavity’s quarter-wavelength mode harmonic fre-
quency. The cavity geometry (depth, diameter, wall angle),
boundary materials, and fluid properties determine these
harmonic frequencies. Ideally, the cavities should have a
negligible effect on the acoustic wave with thus minimal
distortion of the acoustic measurements.

Figure 1 illustrates typical acoustic and hydrodynamic
responses for a given cavity geometry. The change in sound
pressure level (AL,) between measurements taken at the bot-
tom of the cavity and flush with the wall is used to derive
this response. A typical covered cavity attenuates the TBL
noise, illustrated by the dashed line, with increasing fre-
quency, thus improving the overall SNR."* However, the
same cavity distorts the acoustic signal by introducing a
standing wave centered at a specific frequency, as shown by
the solid line. This standing wave amplifies the measured
sound level, introducing errors into the acoustic measure-
ments, and must be accounted for when processing data.

The focus of this article is on how the geometry of the
cavity affects its acoustic response. Acoustic plane waves
emanating from a far-field acoustic source were simulated
using the multiphysics simulation software package coOMSOL.
The propagation of plane waves into different cavity shapes
is studied. The acoustic propagation is simulated without
background flow and assumes linear acoustics with no ther-
moviscous acoustics effects present. The cavity radiation
acoustics dominate the thermoviscous acoustics for larger
aspect ratio cavities, such as those examined in this study.
The latter thus do not contribute significantly to the overall
response. Since the effect of the cavity on the plane wave
measurements should have minimum attenuation or amplifi-
cation on the far-field signal of interest, it is important to
identify how the acoustic transfer function between the inci-
dent plane wave and the acoustic response at the cavity bot-
tom is affected by the cavity geometry. Three families of
cavity shapes are studied to understand the effect of geome-
try on the response. First, this study investigates cylindrical
cavities of different depths and diameters. The overall
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FIG. 1. (Color online) Example illustrating the effect a cavity has on the
incident acoustic wave and the TBL pressure fluctuations.
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acoustic response of cylindrical cavities is, for example, also
investigated in Ref. 15. Second, this work investigates the
effect of different countersink angles on a cylinder of con-
stant depth. Last, a conical cavity with varied wall angles is
investigated. For all cavities, the aperture is simulated with
and without a stainless-steel cloth covering. The cavity
walls were simulated as either perfectly reflecting or sound-
absorbing using a porous model for melamine foam. A find-
ing of this study is a suggested method of cavity design,
where optimizing the balance between the acoustic and
hydrodynamic response is no longer necessary. These
responses can be addressed independently through the use
of sound-absorbing melamine.

This paper is structured as follows: Sec. II describes the
simulation assumptions, defines the geometric parameters,
and evaluates the simulation convergence. Section III com-
pares the simulated cavity results with experimental data as
well discusses how the acoustic cavity response can be
treated as independent of the TBL flow. Section IV quanti-
fies the effect of cavity depth, diameter, stainless steel cloth
covering, wall angle, sound absorbing melamine material,
and plane wave incident angle on the acoustic response.
Section V summarizes the major findings of this paper.

Il. NUMERICAL SETUP

The comsoL multiphysics simulation software package
is used to simulate the incident plane wave, its propagation
into a cavity, and its subsequent reflection. The Pressure
Acoustics Frequency Domain interface, which is part of the
Acoustics Module, uses a finite element (FE) solver to solve
the Helmholtz equation. The Helmholtz equation, shown in
Eq. (1), where c is the speed of sound, p is the acoustic pres-
sure, and o is the angular frequency, governs the propaga-
tion of acoustic waves through a constant density fluid in the
frequency domain,16

2
V-(Vp)—i—i)—zpzo. 1)

In this work we neglect thermoviscous effects because the
cavity diameters and acoustic wavelengths of interest are
significantly larger than the thermal and viscous boundary
layers."” As a result, radiation acoustics are dominant for
these large aspect ratio cavities.

Figure 2 defines the geometric parameters for the three
families of cavities considered in this paper. These shapes
are representative of the cavities used in practice. Figure
2(a) is the straight-walled cylindrical cavity with depth L,
and aperture radius a being equal to the bottom radius b.
The radius, b, is 0.005m based on previous experimental
work”'* using cavities of this size to study their effect on
TBL attenuation. The ideal cavity diameter for TBL attenua-
tion is application specific. The countersunk family of cavi-
ties is shown in Fig. 2(b). For this cavity, b is the radius of
the cavity bottom, and « is the aperture radius. Figure 2(c)
shows the conical cavity, where b is the radius of the conical
frustrum, a is the aperture radius, xq is the distance from the

VanDercreek etal. 323
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FIG. 2. Generic cavity shapes considered in the experiment and FE studies: (a) straight-walled cylindrical cavity, (b) cylindrical cavity with countersink, (c)
conical cavity. Parameters r, z, and 0 are the cylindrical coordinates. a is the aperture radius, b is the bottom radius, L is the cavity depth, ¥ is the wall angle,

and x is the distance from the conical vertex to the frustrum.

frustrum to the imaginary vertex. The conical cavities are
truncated at the location of the microphone. The cavity
depth, for all cavities, is defined by L, nominally 0.01 m. For
the countersunk and conical cavities, the wall angle is
defined by y with {y = 90° being the straight-walled cylin-
der case. The countersunk cavity features a straight wall
from the bottom of the cavity to z = 2L/3.

A. Model setup

Figure 3 illustrates the three-dimensional computational
domain. A symmetric boundary condition divides the
domain in half to reduce computational time. This plane is
perpendicular to the acoustic wave front. A cylindrical per-
fectly matched layer (PML) simulates an open boundary by
absorbing all outgoing wave energy. It imposes a complex-
valued coordinate transformation in the domain so that the
energy of the waves that enter the PML region decays rap-
idly."” The quarter-arc cylinder shape eliminates discontinu-
ities at the boundary between the PML and the pressure
acoustics domain. This shape ensures that the PML mesh
elements remain isotropic to avoid spurious reflections.
Periodic boundary conditions, defined using the Floquet
periodicity condition, are placed on the left and right sides
of the domain. This allows for non-normal (¢ > 0°) incident

PML

7 Incident
Plane Wave

Periodic
BC
Periodic
BC
Hard Wall BC
L
S-y:n-n-nctric plane N T
Hard Wall
BC (without
Melamine)

Hard Wall BC
(with Melamine)

FIG. 3. (Color online) comsoL computational domain setup where ¢ is the
incident plane wave angle, ¥ is the countersunk/conical cavity wall angle, L
is the cavity depth, and r is the radius of the cavity with a value « at the top
and b at the bottom. The light shaded region is the perfectly matched layer
(PML).
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pressure waves to enter and leave the domain with no spuri-
ous reflections.

The incident plane wave is modeled as a background pres-
sure field within the quarter cylinder region. The plane wave is
defined by Eq. (2) where p, is the wave amplitude, x is the
wave position vector, k the wavenumber, and ey is the wave
direction unit vector. For this simulation, the plane wave ampli-
tude was held constant with respect to frequency at 1.0 Pa and
the frequency was varied between 0.25 and 105 kHz,

p=poexp |—ik [ 25| )
lex|

The top of the cavity is either open or defined by an
interior impedance boundary condition. The latter accounts
for the stainless steel covering. The measured normalized
acoustic impedance, Z, of the stainless steel cloth is 0.15.
The normalization is with respect to the characteristic acous-
tic impedance of air, z, which is defined as pc?. The cloth
has 200 threads per cm® and is 0.05mm thick. The
Netherlands Aerospace Centre (NLR) measured the cloth
impedance in their impedance tube for this research. The
plane surrounding the cavity represents the wind tunnel wall
and is a hard wall boundary condition.

The cavities are either modeled as shown in Fig. 2 or
out of melamine as shown in Fig. 3. For the cases without
melamine, the cavity walls are defined as perfectly reflecting
hard walls. For the melamine foam cavities, the foam is a
poroacoustics region with a radius of 2.25 cm and a depth of
4.5cm with the cavity formed at the top. The Johnson-
Champoux-Allard (JCA) semi-empirical poroacoustic
model is used. Table I lists the porous matrix properties for
Basotec TG melamine'® used in this paper. The properties
are as follows: ¢, is the material porosity, Ry is the flow
resistivity, the viscous characteristic length is L, the thermal
characteristic length is Ly,, and 7 is the tortuosity factor.

The computational domain is meshed using a combina-
tion of tetrahedral elements and swept elements. The

TABLE I. Melamine porous matrix properties for the Johnson-Champoux-
Allard semi-empirical model.

€ Ry, Pasm™ 2 L, m Ly, m Too

0.993 9297.6 2,12 x 10°* 435 x 107* 1.0133

VanDercreek et al.
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FIG. 4. Mesh convergence on the: (a) Acoustic pressure at the bottom of a cylindrical cavity with respect to the mesh element size upper limit, defined by
the fractional size of the acoustic wavelength at 10kHz. 1/8 (4.3 x 1073 m) is the mesh size upper limit used in this paper. (b) Root mean square deviation
(RMSD) between the pressure of different meshes and the solution for the finest mesh (4/20). Plotted with respect to the number of degrees of freedom

(DoF) in the simulation for a given mesh size. The vertical line is the 4/8 case.

tetrahedral elements are used everywhere except for the PML.
The PML uses isotropic swept elements to minimize spurious
reflections. The maximum mesh element size is 4/8, where /. is
the wavelength of the highest frequency studied, 10 kHz. The
resulting element size upper limit is 4.3 x 1073 m. Figure 4(a)
shows the acoustic response at the bottom of a cylindrical cavity
for five different mesh sizes. As this figure shows, once the max-
imum mesh size approaches /./8, the solution converges. Figure
4(b) shows the root mean square deviation (RMSD) of the cav-
ity acoustic response. The RMSD is the difference between the
solution for the finest mesh and the solution for the coarser
meshes. The vertical line is the RMSD for the 4/8 case (10kHz
acoustic wave). These figures show that choosing a maximum
element size of 1/8 is sufficient for an accurate solution.

B. Cases modelled

The cavity depth (L), bottom radius (b), covering, wall
angle (1), and wall material were varied to study the
relationship between cavity geometry and the quarter—
wavelength mode characteristics. Table II lists the geometri-
cal parameters that were studied. The radii and cavity depths
for the countersunk and conical cavities were chosen to
match the cavities used in a prior experiment.'* Additionally,
the incident plane wave angle ¢ was varied between 0° and
90° for the cylindrical and conical cavities.

lll. MODEL VALIDATION
A. Description of the measurements

The experimental data used to validate this work origi-
nated from a previous experimental campaign'* studying the

TABLE II. Simulated cavity geometric parameters.

effect of cavity geometry on beamforming measurements. In
that campaign, 16 cavities were installed in a 1.1 mx0.4 m
poly-carbonate plate covered with the 200 threads per cm?
(#500) stainless steel cloth as described previously. The 16
cavities are interchangeable and installed in 5 cm diameter
holes. A flush-mounted microphone is placed in the center
of the array. The three cavity shapes of Fig. 2 were tested
with the stainless steel cloth covering. The cylindrical and
countersunk cavities have poly-carbonate walls and the con-
ical cavity is cut out of a melamine foam cylindrical insert.

Only measurement data from one cavity position is
used to validate the work of this paper, since the acoustic
response was found to be independent of cavity location.
The acoustic signal was generated by a Visaton K 50 SQ
speaker, mounted at a distance 0.8 m normal to the flat plate
containing the cavities. The speaker has a baffle diameter of
4.5cm. The speaker emitted white noise with an overall
sound pressure level (L overat), measured at the plate loca-
tion without flow, of 64 dB.

G.R.A.S. 40PH analog free-field microphones were
used. This microphone features an integrated constant cur-
rent power (CCP) amplifier and a 135dB dynamic range.
Each microphone has a diameter of 7mm and a length of
59.1 mm. All the microphones were calibrated individually
using a G.R.A.S. 42AA pistonphone following the guidelines
of Mueller."” The transducers have a flat frequency response
within*1 dB from 50 Hz to 5 kHz and within =2 dB from 5
to 20kHz. The data acquisition system consists of a
National Instruments (NI) PXIe-4499 sound and vibration
module with 24-bit resolution. The board is controlled by a
NI RMC-8354 computer via a NI PXle-8370 board. The

Cavity Depth (L), mm Radius (b), mm Angle (), ° Covered Wall Material

Cylindrical 5,10, 15, 20, 30 5,10 90 Yes, No Hard, Melamine
Countersunk 10 5 80, 70, 60, 45, 30, 20, 10 Yes, No Hard, Melamine
Conical 10 5 80, 70, 60, 45, 30, 20, 10 Yes, No Hard, Melamine

J. Acoust. Soc. Am. 151 (1), January 2022
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sampling frequency of the recordings was 51.2 kHz. The sig-
nal was sampled for a duration of 45s. The spectra are cal-
culated using Welch’s method with 1024 samples with a
50% overlap using Hanning windowing with a resulting fre-
quency resolution of 50 Hz.

B. Comparing simulated and measured acoustic
transfer functions

The acoustic transfer function is defined as the differ-
ence between the decibel scale spectra of the flush and cav-
ity bottom microphone measurements. This is equivalent to
dividing the cavity spectra by the flush spectra at each fre-
quency before converting to a decibel scale. The spectral
responses are calculated using Welch’s method. 6dB is
added to the transfer functions to account for the difference
between the free-field and flush measurements since flush
measurements feature a doubling of the pressure due to the
reflection off of the flat plate. Two hard-walled cavities
(cylindrical and countersunk) and one conical cavity formed
out of melamine foam were simulated and compared with
experimental data. Figure 5 shows the SPL deviation, AL,,
from the expected free-field measurement for these cavities.
The simulations (dashed lines) agree closely with the experi-
mental data (solid lines). The hard-walled cylindrical and
countersunk cavities match the predicted standing wave
amplitude as well as the frequency of their respective peaks:
6.3kHz for the straight-walled case and 7.0kHz for the
countersunk case. The fluctuations in the experimental data
below 5.0kHz are hypothesized to be due to the flush refer-
ence microphone being offset slightly from the cavity in the
experimental measurements as well as reflections from the
wind tunnel exit nozzle. Figure 5 also shows that the JCA
porous prediction is close to the measured response of the
melamine cavity. The melamine conical cavity simulation
data matches the trends in the experimental data with at

201 -
==
m 10 A
<
R it e~ St S s
> Ref.
401+ FéeFiad NIRRT A
Ref. =
-10 1 _
0 2500 5000 7500 10000

Frequency, Hz

El Conical (Melamine)
— Exp.

— - COMSOL

Cavity: Countersink

Cylindrical

FIG. 5. (Color online) The simulated and experimental acoustic transfer
functions between the cavity bottom and flush measurements are shown for
three cavities. The cavities are two hard-walled cavities (countersunk and
cylindrical) and a conical cavity made of melamine foam. AL, is the devia-
tion from the free-field, AL, = 0 corresponds to the expected free-field
spectra level.
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most a 4dB difference in predicted amplitude near 5kHz
due to a frequency shift between the model and experiment.
This difference could be reduced with the application of a
different porous model. These results give confidence that
the simulation results, analysis, and conclusions presented
in this paper are accurate.

C. Independence of acoustic and hydrodynamic
response

This work assumes that the acoustic response of the
cavities is not influenced by the presence of a TBL. This
assumption of independence is based on insight gained from
Ref. 14 in which an acoustic source was measured with a
turbulent boundary layer present over the microphone array.
Figure 6(a) shows the spectra of the measurements for either
the acoustic source or the TBL being present. Figure 6(b)
shows the summation of these spectra (dotted line), and also
the measurements obtained with the two sources (TBL and
acoustic) being present simultaneously (long-short dashed
line). A close agreement per cavity geometry between the
lines in Fig. 6(b) is observed. A maximum deviation of 3 dB
is seen between 1 and 3 kHz in Fig. 6(b). This close agree-
ment between the two suggests that the acoustic signal at the
microphone can be considered to be independent of the flow
over the cavities for the frequency range of interest (0.25 to
10.0kHz). This assumption is key to applying this acoustic
analysis to cavities used in a closed test section wind tunnel
with flow present.

IV. ANALYSIS OF RESULTS

The goal of this study is to quantify how cavity shape,
the presence of a stainless steel cloth, and wall material
affect acoustic measurements at the cavity bottom. The geo-
metric characteristics and the boundary conditions (e.g.,
fluid properties) determine the amplitude and frequency of
the quarter—wavelength cavity modes. The cavity depth,
diameter, covering, countersink angle, conical wall angle,
and wall material were varied to find the relationship
between geometry and the quarter-wavelength mode fre-
quencies, f,, and amplification, quantified by the quality fac-
tor O, which will be defined at the end of Sec. IV A. The
fluid properties and other boundary conditions are held con-
stant for this analysis.

A. Effect of cavity depth and diameter

The response of cylindrical cavities to an incident plane
wave was simulated for several cavity depths and diameters.
Figures 7 and 8(a) show the resulting acoustic response
(AL,) with respect to the free-field levels and the simulated
flush microphone reference levels. The latter measurements
are approximately 6 dB higher than the free-field due to the
doubling of the incident pressure wave amplitude at the
wall.

The cylindrical cavity depths range from 0.005 to
0.03 m and their radii vary from 0.005 and 0.01 m. The inci-
dent plane wave frequencies are between 0.25 and 10kHz.

VanDercreek et al.
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FIG. 6. (Color online) (a) Independent cavity microphone measurements with only an acoustic source and with only the TBL (U, =20 ms ') present over
two cavities. (b) Comparison of the measurement of the acoustic source with the TBL present and the sum of the independent measurements.

AL, is plotted with respect to both frequency in Fig. 7 and
the non-dimensional Helmholtz number (He)in Fig. 8(a).
Figure 7 shows how with decreasing cavity depth, L, the
peak frequency increases. Also, with decreasing diameter
for the same depth, the peak frequency increases. Figure
8(a) shows that when normalizing by He, the peaks collapse
to the same value of He. The Helmholtz number is defined
as follows: He = Legro/c, where w is the angular frequency
and c the speed of sound. L. is the cavity depth plus a cor-
rection term for the cavity diameter which is discussed later
in this section.

The peaks in Fig. 8(a) are from an acoustic mode within
the cavity. While longitudinal, radial, and azimuthal'®
modes can be present, it is the longitudinal mode that
appears in Fig. 8(a). The longitudinal mode is also referred

30
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~
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0 Free-Field Ref.
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F oL . = R .-
L, 597, Il 05 W0 1 WM 3 7, 5900¢ 1 2

FIG. 7. (Color online) AL, values with respect to the free-field for different
normalized cylindrical cavity depths (L= L/0.0lm) and radii
(7 = a/0.005m). The solid lines represent the responses for a = 0.005 m.
The dashed lines represent the responses for ¢ = 0.01 m. The horizontal
dash-dotted and dotted lines represent the flush and free-field responses,
respectively. The cavities feature hard walls with no stainless steel cloth
covering.
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to as a depth mode, and is the quarter—wavelength mode'®
as mentioned previously. These modes form standing waves
in the longitudinal direction of the cavity. Standing waves
occur when an acoustic wave reflects at a change in imped-
ance (e.g., a duct opening or cavity bottom) and the resulting
reflection constructively interferes with another incident
wave. This results in peaks® at odd-numbered harmonics.

To understand why these peaks are only due to the lon-
gitudinal modes, it is useful to evaluate the cavity in terms
of the pressure field for a circular duct. Applying the princi-
ples of duct acoustics®*'** shows this to be the case. At the
cavity aperture, the incidence pressure wave must match the
pressure field at the aperture of the cavity. This pressure
field at the cavity aperture can be decomposed into radial
and azimuthal mode shapes. These modes propagate in the
longitudinal direction into the cavity. However, for the cav-
ity diameters (= 0.01 m) and frequencies (< 10kHz) in this
study, the higher-order radial and azimuthal modes, referred
to by their mode numbers m >0 and u > 1 do not propagate
as they are cut-off. Equation (3), where a is the cavity aper-
ture radius and a,,, is the radial wavenumber, defines this
cut-off condition,

— S 3
c>°‘u 3)

As an example, assuming a cavity diameter of 0.01 m and
using the first Bessel derivative root whose value is
Om—1,4=1 = 1.8412, Eq. (3) states that the first non-planar
mode will only propagate for frequencies above 20.1 kHz.
Further details can be found in the description of a previ-
ously developed analytical model.*? The resulting planar
mode propagates in the longitudinal direction. The reflection
of this wave off of the cavity bottom interferes construc-
tively with the incident wave at the harmonic frequency,
resulting in a peak. Since the quarter—wavelength mode is
the dominant mode, this analysis will focus on how the cav-
ity geometry affects this mode’s harmonic frequency and
amplification.
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FIG. 8. (Color online) (a) AL, values with respect to the free-field for different normalized cylindrical cavity depths (L) and radii (7). The dimensions are
normalized with respect to L =0.01 m and » =0.005 m. The cavities feature hard walls with no stainless steel cloth covering. The horizontal dash-dotted
and dotted lines represent the flush and free-field responses, respectively. (b) The effect of cavity depth and diameter on the quality factor (Q).

For straight-walled cavities, Eq. (4) predicts the har-
monic frequency f,, where n is the mode number and L is
the effective cavity depth. The effective depth, L, is the
depth of the cavity, L, with a depth correction term, 9,
applied. This correction term accounts for the radiation
impedance of the open end.”® The radiation impedance is
dependent on the cavity diameter, covering, frequency, and
whether or not it is flanged or unflanged,

(2n + l)c.

f n = 4 Lot

“)
For a cavity in a wall, the wall is treated as an infinite flange.
The depth correction, J, for an infinitely flanged opening is
defined in Eq. (5),23 where k is the wavenumber and « is the
cavity aperture radius, see Fig. 2(a). For the cavities of inter-
est, 0 ranges between 0.597a and 0.707aq,

0=0.8216a |1+

—1
2
(0.77ka) ] .

1+0.77ka

Figure 7 shows that increasing the cavity diameter,
while holding depth constant, reduces the harmonic fre-
quency. This shift increases for larger aspect ratio (a/L) cav-
ities because 0 increases L. According to Egs. (4) and (5)
the standing wave peak locations collapse to He = /2 for
the fundamental mode, see Fig. 8(a). The vertical dashed
lines in Fig. 8(a) are the fundamental mode (n =0) and the
first harmonic (n=1) predictions made with Eq. (4).
Applying this equation shows that the cavities with highest
values of f,, are the shallowest with the smallest diameter
(e.g, L=L/00Im =05 and 7=a/0.005m = 1), as
shown in Fig. 7. The deeper the cavity, the lower values of
f. (e.g., L = 3). The amplitudes also depend on cavity depth
and diameter. The deeper the cavity, the higher the ampli-
tude of the standing wave while the larger the aspect ratio,
the lower the amplification.
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The effect of cavity geometry on the amplification is
quantified by the quality factor, O, shown in Fig. 8(b). O is
defined as the ratio between the real and imaginary compo-
nents of the eigenfrequency, (, of the standing wave;
0 =Re({)/Im({). The quality factor is also calculated by
O =f./(fu — fi), where f,, and f; are the upper and lower fre-
quencies at the 1/2 power location, defined as 3 dB below the
peak harmonic. Thus, Q describes the amplitude and width of
the standing wave spectral peak. The higher the value of Q,
the greater the amplification, which is undesirable. Figure 8(b)
shows that Q increases both with increasing cavity depth and
with decreasing diameter. This effect is more pronounced
when the depth is significantly larger than the diameter. For
example, the L = 3 case Q drops from 30 to 10 when the
diameter is doubled while at L = 1 the reduction drops by
approximately 2, from 5 to 3. This trend does not hold for shal-
low cavities. Cavities with the same aspect ratio have similar
harmonic amplification. This is seen for the cavities where
L=1,7=2 and L= 0.5, 7 =1 in Fig. 8(a). Figure 8(b)
also shows that Q is close for these two cavities as well as for
the cavities with L =2, 7 =2and L = 1, 7 = 1.

These results show that a deep cylindrical cavity is
undesirable for acoustic measurements due to the high Q
and due to the presence of multiple harmonics. Shorter and
wider cavities are more desirable for acoustic measurements
as the standing wave amplitudes are minimized and shifted
to higher frequencies. Ideally, the harmonic frequencies of
the standing waves would be higher than the upper range of
the frequency of interest (10 kHz), however, this is not feasi-
ble for the cavity geometries that attenuate the TBL noise
contribution. For example, applying Eq. (4), a 1.0 cm diame-
ter cavity, would have to have a depth of 0.52cm, which
would limit its effectiveness in reducing the TBL noise con-
tribution compared to a deeper cavity. The optimal cavity
depth for improving acoustic measurements by reducing the
TBL noise at the microphone is application dependent.
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B. Effect of stainless steel cloth covering

Placing a stainless steel cloth or Kevlar on top of the
cavity reduces the TBL fluctuations at the microphone,>'°
however one area of concern is its effect on the acoustic sig-
nal. Simulations were run for the straight-walled cavities
with an impedance boundary condition at the top of the cav-
ity, as discussed previously in Sec. I A. Figure 9(a) shows
the effect of this impedance on the peak locations and
amplitudes for the same cavities. The cloth reduces the loca-
tion of the peak from a He of 1.55 to 1.50 for L = 1 and
from 1.57 to 1.55 for L =3 (Af =0.2kHz). The effect of
the cloth on the location of the peak is small due to its nor-
malized acoustic impedance of 0.15 being smaller than the
radiation impedance of an infinitely flanged cylindrical cav-
ity. The radiation impedance of the cavity opening can be
estimated using the reflection coefficient R, Eq. (6), in the
expression for normalized radiation impedance Z, Eq. (7),%*
where Z, = 1/na? is the impedance of the cavity,

1 —0.182ika
R(w) = — ) VA (©)
1 — 1.825ika + 0.649(ika)

I+R

Z, =7,
1-R

(7

For the case of the cylindrical cavity where L =1 and
7 = 1, the estimated normalized radiation impedance (Z,) is
1948.

The stainless steel cloth’s effect on Q is greater than its
effect on the frequency of f,. Figure 9(b) shows that the
stainless steel cloth reduces Q for the same cavities. The
deeper the cavity, the larger the reduction in Q, for example
for the L = 3 case, Q drops from 30.3 to 4.5. while for the
L=1 case, the effect is less dramatic with Q decreasing
from 5.5 to 2.8. The transmission loss through the cloth is
calculated to be approximately 1dB. From these simula-
tions, it is apparent that a low impedance covering, such as
the fine stainless steel mesh, improves the acoustic response

’ c

1 B 3 Stainless Steel Cloth: — No == Yes

bz

(a)

of the cavity by reducing the amplitude of the quarter—
wavelength modes with minimal transmission loss.

Section IV A showed that larger aspect ratio cavities
(larger diameters and shorter depths) are more desirable,
i.e., they have lower values of Q than low aspect ratio cavi-
ties. However, a stainless steel cloth covering allows for the
cavity depth to be increased, reducing the TBL noise, while
minimizing the amplification due to the quarter—wavelength
mode.

C. Effect of wall angle

Figure 10(a) shows the effect of different countersink
wall angles on the acoustic response of a countersunk cavity
covered with a stainless steel cloth. The angle y was varied
from a shallow angle, y = 10° to the straight-walled case,
¥ =90°, in 10° increments. Additionally, a 45° countersunk
cavity was simulated to match experimental data. The depth
of the cavities, L, was held constant and is the same as the
L = 1 cases simulated previously. The response for different
values of / is plotted versus the Helmholtz number. 9 is cal-
culated using the aperture radius a shown in Fig. 2(b) and
Eq. (5). For the steeper angles, iy > 70°, the harmonic fre-
quency agrees with the predictions using Eq. (4), shown by
the vertical dashed line. As the angle decreases, the values
of f,, increase compared to the straight-walled cavity. The
effect of Yy on the harmonic peak, quantified by Q is shown
in Fig. 10(b). As  decreases, Q decreases. This dependence
is more significant for the cases without a stainless steel
cloth. Without this covering, Q decreases from 5.6 for the
straight—walled case to 2.6 for iy = 10°. With the cloth, the
amplitude of the standing wave is damped and Q decreases
from 2.9 to 2.6 with decreasing .

The acoustic responses of conical cavities with the
stainless steel cloth covering, are shown in Fig. 11(a). These
cavities were simulated at the same wall angles, depth, and
radius at the frustrum (b) as the countersunk cavities. The
Helmbholtz number was calculated using Legs = L + 6 with 0
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FIG. 9. (Color online) (a) Effect of stainless steel cloth on AL, values with respect to the free-field for selected normalized cylindrical cavity depths
L =L/0.0lmand 7 = a/0.005m = 1. The cavities are cylindrical with hard walls. The horizontal dash-dotted and dotted lines represent the flush and free-
field responses, respectively. (b) The effect of the stainless steel cloth on the quality factor, Q, for cylindrical cavities of different depths.
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FIG. 10. (Color online) (a) AL, for different countersink angles (1) with respect to the free-field and flush cases. Cavities have a normalized depth
L=L/0.0lm =1 and 7 = b/0.005m = 1, the countersink depth is L/3. All cavities have a stainless steel cloth covering. (b) Quality factor for different

countersink angles (/) with and without a stainless steel cloth.

being calculated in the same manner as the countersunk cases.
Decreasing  decreases the harmonic amplitude, even with the
stainless steel cloth covering in contrast to the countersunk
cases. The harmonic frequency increases slightly with respect
to the straight-walled case for iy > 70°. For shallower angles,
[, can be estimated by solving the transcendental equation, Eq.
(8). Here, k is the wavenumber, x; is the distance between the
bottom frustum and the conical vertex, and 7y is the length of
the cavity sidewall, i.e., the distance between the vertex and
the aperture,” see Fig. 2(c). The resulting harmonic frequen-
cies do not occur at integer values of the fundamental fre-
quency but are spaced at slightly monotonically increasing
intervals, depending on xy,

tan (ky) = —kx. (8)

The predictions made with Eq. (8) agree with the simulation
for y < 45°. As an example, the prediction for iy = 10° is
shown in Fig. 11(a). For steeper angles, f,, is over predicted.

This is presumably due to the lack of a correction term for
the infinite flange at the opening for conical waveguides.”

Figure 11(b) shows that decreasing y/ has a greater
effect on Q than for the countersunk cavities. From y = 90°
to Y = 10°, Q drops from 5.5 to 1.0 for the case without the
cloth covering. With the covering, Q drops from 2.8 to 1.0.
Below iy = 50°, the stainless steel cloth has minimal effect
on the harmonic response of the cavity.

The ideal cavity should have the fundamental standing
wave harmonic frequency higher than the highest frequency
of interest. Barring that, its response should be as flat as pos-
sible. From these simulations, it is clear that cavities with
angled sides perform better by having a lower harmonic
amplitude than the equivalent straight-walled cylindrical
cavity. Conical cavities feature a flatter response than coun-
tersunk cavities. For conical cavities with shallow angles,
Y < 10°, the cavity response approaches that of the flush
wall. However, at these angles, the cavity is less effective at
attenuating the TBL because the TBL will stay attached to
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FIG. 11. (Color online) (a) AL, for different conical angles with a stainless steel cloth covering (1) with respect to the free-field and flush cases. Cavities
have a normalized depth L = L/0.01m = 1 and 7 = /0.005m = 1. Also, shown is the analytical prediction for the harmonic frequency for iy = 10°. (b)
Quality factor for different conical angles (1) with and without a stainless steel cloth.
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the cavity walls and the response will be similar to that of
the flush case. However, the limiting value of iy depends on
the TBL properties and will be application-dependent.
Having a low wall angle limits the depth of the cavity
because the beamforming array limits the cavity aperture
size. This limit is due to the microphone spacing require-
ments. Therefore, conical cavities should have wall angles
between 10° and 45°.

D. Effect of melamine walls

Cavities formed out of melamine foam attenuate TBL
noise more than hard walled cavities, as was observed in
previous work.'* Therefore, this study evaluates the effect
of this sound absorbing material on the standing wave
amplitudes and harmonic frequencies within cavities. The
JCA porous acoustic model was used to simulate the mela-
mine foam. The model parameters are described in Table I.
All cavities considered in this section share the same outer
construction with only the inner cavity (made out of mela-
mine) shape changing. An example of this can be seen in
Fig. 12, where the exterior of the cavities is a cylinder and
the interior a cone. The normalized depth of this cylinder is
L = 4.3 and its normalized radius is 7 = 4.5. The outer sur-
face is modeled as a hard walled boundary condition. The
top of the cavity is simulated with the stainless steel cloth
covering. Three inner melamine cavities were studied: two
cylindrical cavities and a conical cavity. The cylindrical
ones have normalized depths of L = 1 and L = 3 with a nor-
malized radius of 7 = 1. The conical one has a wall angle
= 30° and a depth of L = 1.2. As a baseline comparison,
a solid block of foam was also considered, in other words,
without any interior cavities present.

Figure 12(a) shows the acoustic responses measured at
the bottom of the two cylindrical cavities and the conical
cavity. As a comparison, the measurement from the top of
the solid cylindrical foam block is included. Compared to
the hard wall cavities, Figs. 8(a)-11(a), the melamine
reduces the amplitude of the standing waves harmonic
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amplitudes and no strong peaks are present. When compar-
ing the conical cavity and the cylindrical cavity, which have
similar depths (L = 1.2 and L = 1), it is apparent that the
cavity shape has minimal influence on the acoustic spectral
response. In order to determine if the acoustic response is
primarily influenced by the measurement location along the
z-axis and not the cavity shape, the response measured at
different locations along the z-axis within the solid foam
block is shown with dashed lines in Fig. 12(b). The locations
chosen correspond to the depths of the three cavities
(z = L), which are shown with solid lines. It is clear that the
responses, AL, are similar which suggests that the interior
cavity shape has minimal influence on the acoustic response.
Instead, the measurement location within the cylindrical
foam block drives the response. In other words, the acoustic
response within the foam is driven by the shape of the outer
cylindrical cavity, L = 4.3, 7 = 4.5, formed by the hard
backing walls surrounding the foam insert and not the cavity
cut out of the foam. Applying Eq. (4) to the outer shape of
the melamine foam and substituting the speed of sound in
the porous medium for the speed of sound in air, gives rea-
sonable agreement with the simulation results, shown by the
vertical dashed lines in Fig. 12(a). The speed of sound in the
melamine JCA porous model is calculated as follows:

c=,/K(w)/ prig(w),26 where K is the equivalent bulk mod-

ulus and p, is the equivalent rigid density which are deter-
mined from the material properties in Table 1.

The shape and material of the foam insert can be opti-
mized to minimize the standing wave amplifications using
the guidelines for depth and wall angle previously discussed.
The cavity shape cut into the foam can thus be optimized
independently to minimize the turbulent boundary layer
pressure fluctuations at the microphone. Figure 6(a), as an
example, shows that a conical shape in the melamine
reduces the hydrodynamic TBL noise significantly while
Fig. 7 shows the impact on the acoustic signal is minimal.
Therefore, the problems of optimizing the cavities for
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FIG. 12. (Color online) (a) Acoustic response (AL,) of cavities made of melamine foam: Conical (i = 30°, L=12), cylindrical (L=1landL =3,7=1),
cylindrical foam insert (L = 4.3 and 7 = 4.5). (b) AL, at different depths (z) within the foam insert, represented by the dashed lines compared to cavities of

equivalent depth, represented by the solid lines.
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FIG. 13. (Color online) Acoustic response for conical cavity with iy = 45° and the straight walled cavity for incidence angles (¢) from 0° to 90°. The cavi-

ties feature hard walls with no stainless steel cloth covering.

minimizing the distortion of acoustic measurements and
optimizing the cavities to maximize the attenuation of the
TBL noise can potentially be decoupled.

E. Effect of incidence angle

The microphone arrays used for beamforming can be
several meters in diameter. Therefore, the incidence angle,
¢, of the acoustic waves varies across the array. Only the
cavities aligned with the acoustic source of interest have an
incident wave angle close to 90°. To evaluate the depen-
dence of the cavity acoustic response on the incident angle,
the incidence angle was varied from 0° to 90°. A conical
cavity (y =45°) and a straight-walled cylindrical cavity,
both with depths of L = 1 were simulated. The resulting
acoustic response (AL,) is shown in Fig. 13. As this figure
shows, the straight-walled cavity has a minimal change in
its response for the range of ¢. The conical cavity shows a
small amount of variation of approximately 3dB at ¢
around 75°. The standing waves excitation can thus be
treated as independent of the incident far-field wave angle.

V. CONCLUSIONS

This paper quantifies the effect of different cavity
shapes and materials on the acoustic response at the bottom
of a cavity. The comsoL multiphysics software package was
used to simulate the acoustic response of cylindrical, coun-
tersunk, and conical cavities. Cavity depth, diameter, and
wall angles were systematically varied. This article also
quantifies the influence of a stainless steel cloth covering.
The cavities were simulated as both hard-walled and with
melamine foam walls. The results of the simulation matched
the experimental measurements for the hard-walled cavities.
The JCA poroacoustic model, used to model the melamine
foam, agreed with the experimental trends but additional
studies are necessary to rectify the frequency shift observed.

The longitudinal quarter—wavelength modes are the
dominant acoustic phenomena present in the cavity. To min-
imize distortion of the acoustic signals, the frequency of the
quarter—wavelength modes should be as high as possible
with the amplitude as low as possible. For cylindrical

332  J. Acoust. Soc. Am. 151 (1), January 2022

cavities this frequency decreases with increasing cavity
depth. Increasing the cavity diameter reduces the amplitude
of these standing waves while slightly decreasing their har-
monic frequency. Cavities with the same depth to diameter
ratio have similar quality factors, Q, which quantifies the
amount of amplification. Adding a stainless steel cloth cov-
ering reduces the harmonic frequency by approximately
2% — 5% while reducing the amplification significantly. For
the conical and countersunk cavities, changing the counter-
sink angle and wall angle further reduced the standing wave
amplitude. The response was found to be independent of the
incident plane wave angle. Forming the cavities out of a
melamine foam insert showed that the acoustic response of
the cavity is driven by the shape of its hard-walled outer
construction, with the interior cavity shape having minimal
influence. This finding is important because instead of
designing one cavity to attenuate the turbulent boundary
layer (TBL) pressure fluctuations while also minimizing the
strength of the standing waves, these constraints can be opti-
mized separately.

Specifically, a conical outer shape with a low acoustic
impedance covering can minimize the influence of standing
waves. The conical shape reduces the amplitude of standing
waves compared to an equivalent cylindrical cavity, while
the covering further reduces the strength of these waves.
The inner foam cavity can thus be designed to maximise the
attenuation of the TBL. The work presented here supports
optimizing cavity shapes for wind tunnel acoustic measure-
ments as well as understanding the acoustic performance of
existing ones.
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