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The aeroacoustic response of coaxial wall-mounted Helmholtz resonators with different neck

geometries in a low-speed wind tunnel has been investigated. Experimental test results of this

system reveal a strong aeroacoustic response over a Strouhal number range of 0.25 to 0.1 for

both increasing and decreasing the flow rate in the wind tunnel. Aeroacoustic response in the

low-amplitude range O(10�3)<Vac/Vflow<O(10�1) has been successfully modeled by

describing-function analysis. This analysis, coupled with a turbulent flow velocity distribution

model, gives reasonable values for the location in the flow of the undulating stream velocity that

drives vortex shedding at the resonator mouth. Having an estimate for the stream velocity that

drives the flow-excited resonance is crucial when employing the describing-function analysis to

predict aeroacoustic response of resonators. VC 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4904521]
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I. INTRODUCTION

Aeroacoustic excitation of Helmholtz resonators is

music to the ears of many researchers. This work focuses on

the flow-induced resonance of coaxial wall-mounted

Helmholtz resonators in a low-speed wind tunnel. Selected

references to work on single Helmholtz resonators excited

by flow relevant to this paper include: Cummings1 proposed

feed-back loop-gain criteria to analyze blowing over a wine

bottle, Anderson2 and Elder3–5 presented extensive velocity

and pressure measurements on a wall-mounted resonator in

addition to loop-gain theory for self-excitation, Howe6,7

presents a detailed theoretical treatment of self-sustained

cavity oscillations, Nelson and colleagues8,9 present com-

panion papers with detailed flow visualization and acoustics

measurements of a wall-mounted Helmholtz resonator. The

detailed frequency and acoustic measurements of Nelson

et al. provide data for future modeling efforts using loop-

gain criteria by Mast and Pierce10,11 that is the analysis

used in this work. Further measurements on flow-excited

resonance and the use of loop-gain criteria for analysis

are presented by Meissner12,13 in a series of papers.

Computational fluid dynamics techniques have been used to

explore a flow’s excitation of a Helmholtz resonator mainly

to understand automobile buffeting.14–19

Also of interest to this work are measurements of the

impedance of Helmholtz resonators in the presence of graz-

ing flow. The interaction of the flow in the wind tunnel with

the oscillating cross-flow from the Helmholtz resonator is

complex. Walker and Charwat20 combine measurements

with numerical simulations to propose a “hinged-lid” model

for resonator’s in-flow and out-flow into the wind-tunnel’s

stream. This “hinged-lid” model is further investigated by

Cummings.21 Peat et al.22 compare theoretical models to

experiments of the impedance of circular-orifice Helmholtz

resonators in the presence of grazing flow.

The effect of a Helmholtz resonator’s geometry on flow-

induced excitation is contained within the review of

Rockwell and Naudascher,23 Panton,24 and extensive theoret-

ical, numerical and experimental work by Dequand et al.25,26

Flow-induced excitation of coaxial straight side-branches is

also important for this work because we will investigate the

aeroacoustic response of coaxial Helmholtz resonators.

Important works relevant to coaxial side branches are by

Bruggeman et al.27 and Kriesels et al.28 in which very high

amplitude acoustic oscillations are measured and continued

by Ziada,29,30 Meissner,32 and Oshkai et al.33 Measurements

of the aeroacoustic source power available in a coaxial

side-branch configuration utilizing a damper within the side-

branch was done by Slaton and Zeegers.31

The work described in this paper examines the aero-

acoustic excitation of coaxial wall-mounted Helmholtz

resonators in a low-speed wind tunnel. The purpose is to

evaluate this configuration for its ability to interact with the

mean flow to excite and sustain resonance and to compare

the measured low-amplitude aeroacoustic response to a

describing-function model introduced by Mast and Pierce.11

The Helmholtz resonator’s frequency can be easily changed

by modifying the neck length. In this way, we will explore

the aeroacoustic excitation over a range of flow rates and

resonance frequencies. An added benefit of using a

Helmholtz resonator is that its fundamental frequency is not

directly related to its higher harmonics. Hence nonlinear
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wave steepening and higher harmonic generation in

standing-wave side-branch systems is avoided. The experi-

mental setup used in this investigation is described in detail

in Sec. II. The experimental results of the investigation are

found in Sec. III with an analysis in Sec. IV. Conclusions

may be found in Sec. V.

II. EXPERIMENTAL APPARATUS

In this section, we detail the experimental setups used

to investigate the aeroacoustic response of coaxial wall-

mounted Helmholtz resonators. A low pressure vacuum

system capable of a maximum speed of 28 m/s is connected

to an empty 2-in. inner diameter, wind tunnel as illustrated

in Fig. 1. Connections between glass and plastic elements

are made with standard Schott34 couplings. Variable flow

rate is provided by connecting the vacuum to a variable

transformer. The wind tunnel draws in ambient air down the

1.81-m straight section. According to Narayana,35 a fully

developed turbulent velocity profile has formed after inflow

in a duct of diameter, D, when the distance down the duct

exceeds the entrance length, Le, given by

Le ¼ 4:4Re1=6D; (1)

where Re ¼ Vf lowDq=l is the Reynolds with the air’s density

and viscosity given by q and l respectively and Vflow is the

flow velocity of the air in the center of the wind tunnel. For

our set up, Le � 1.5 m at the highest wind tunnel flow speed.

Hence we are assured a fully formed velocity profile has

developed within the wind tunnel before the site of aero-

acoustic excitation occurs. For our lowest value of Vflow,

which results in aeroacoustic excitation of the system,

Re� 33 000, which is in the turbulent regime.

Referring to Fig. 1, the inflowing air velocity is meas-

ured with a pitot tube that is visually aligned and centered in

the wind tunnel in 2-in. Delrin plastic couplings. The pitot

tube utilizes a differential pressure sensor36 and was cali-

brated using an Omega HHF92A digital airflow/temperature

meter, which has a resolution of 0.01 m/s over our range of

interest. The output of the pitot tube was read by a 175 Fluke

true rms multimeter. Connected to the pitot tube is a 2-in. ID

glass cross-junction of length 19.6 cm and width 19.6 cm.

The internal edges of the cross-junction are rounded to a

radius of curvature of approximately 1/4 in. Following the

cross-junction is an Omega HH501DK K-type thermocouple

FIG. 1. Overview of aeroacoustic wind tunnel setup with coaxial wall-mounted side branches composed of straight equal neck length Helmholtz resonators.

The variable neck lengths used in this experiment can be found in Table I.
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to measure air temperature positioned in the center of the

flow. Next, a 0.75 m long section of 2-in. ID glass pipe con-

nects the wind tunnel to a �3 m flexible hose with �2-in.

inner diameter, which is connected to the vacuum system.

Cotton cloth placed over the junction between the wind tun-

nel and flexible hose acts as a muffler for high frequency

noise from the vacuum system.

Aeroacoustic excitation of the system occurs at the

cross-junction. Attached to the cross-junction are side

branches that comprise the resonant acoustic system of inter-

est. The side branch configuration is illustrated in Fig. 1

where the effective neck length of the flask is changed by

adding straight 2-in. inner diameter Delrin plastic couplings

between the cross-junction and the 5 l flasks.37 The actual

lengths of the plastic couplings are within 0.3 cm of the

stated length due to machining process. For all the data pre-

sented, the lengths of both side branches are equal. The

flasks have a neck length of 9.30 cm and an inner neck diam-

eter of 2 in.

Acoustic pressure oscillations in one of the 5 l flasks

was measured with another differential pressure sensor36

that was calibrated with a water manometer and acts as a

high amplitude microphone. The pressure sensor is con-

nected to a 30-cm long, 1/32-in. inner diameter, brass tube

bent into an L-shape with a radius of curvature of 1/2 in. that

enters at the coupling at the mouth of one of the flasks and

extends along the center of the neck duct to the center of the

flask. Viscous/thermal losses within this tube are accounted

for. The output of the microphone is read by a Hewlett

Packard 54 663P oscilloscope, which gave reliable peak to

peak voltage and frequency readings. Acoustic readings in

the flask were cleanly sinusoidal and did not display nonlin-

ear effects for any experimental runs. This indicates the

pressure sensor was not driven too hard and that nonlinear

acoustic wave-steepening effects, if present, were not

noticeable.

III. EXPERIMENTAL RESULTS

Before the experimental data collected from the afore-

mentioned experimental setup can be presented we need to

introduce some useful relationships between the measured

quantities. The Strouhal number is a convenient non-

dimensional number for characterizing aeroacoustic phe-

nomena. It is defined as

St ¼ fWef f

Vf low
; (2)

where f is the sounding frequency of the periodic phenomena

(the shedding of vortices or equivalently the frequency of

the acoustic wave), Weff is the effective width or diameter of

the side branch opening to the wind tunnel, and Vflow is the

flow velocity of the air in the wind tunnel. The authors chose

the flow velocity to be that measured by the pitot tube in the

center of the wind tunnel. Care must be taken when review-

ing the literature for flow-induced resonance because this

choice is not universal. The effective diameter of the circular

side branch pipe with rounded edges joining the circular

wind tunnel duct at the cross-junction is defined as38

Wef f ¼
p
4

Ds þ rj; (3)

with Ds as the diameter of the side branch and rj is the radius

of curvature of the upstream edge of the mouth of the

junction.28

This experiment examines the aeroacoustic response of

identical coaxial wall-mounted Helmholtz resonators con-

nected to a low-speed wind tunnel. A Helmholtz resonator

has a fundamental acoustic frequency, fH, defined by

fH ¼
c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
SH

VHL0H

r
; (4)

where c is the ambient speed of sound, SH is the cross-

sectional area of the resonator’s neck, VH is the volume of

the resonator’s cavity, and L0H is the effective length of the

neck. The effective neck length for a Helmholtz resonator

with a neck flanged on both ends39,40 is, L0H ¼ Lþ 1:7Ds=2

where Ds was defined previously. The only convenient vari-

able to change in the setup that affects the frequency is the

length of the resonator necks. For all experiments reported

here, these neck lengths are equal on each side of the wind

tunnel.41

Treating the Helmholtz resonator as a simple mass-

spring system results in the measured acoustic pressure oscil-

lations in the flask to be 90� out of phase with the acoustic

velocity of the gas in the resonator neck. By considering

sinusoidal oscillations for an ideal Helmholtz resonator, the

acoustic velocity amplitude in the neck of the resonator can

be related to the acoustic pressure amplitude in the flask as

Vac ¼
VHx

q0c2SH
Pac; (5)

where q0 is the ambient air density inside the wind tunnel,

x ¼ 2pf , Pac is the acoustic pressure amplitude, and the

other variables have already been defined. A useful dimen-

sionless ratio is Vac/Vflow, which represents the ratio of the

oscillating acoustic flow velocity to the flow velocity at the

center of the wind tunnel before the cross-junction.

The aeroacoustic response of the system described in

Sec. II utilizing the 5 l flasks and 2-in. inner diameter necks

of varying length will now be presented. The frequency

response of the resonators is displayed in Figs. 2 and 3.

Figure 2 shows the measured sounding frequency as a func-

tion of the Strouhal number, St. Open symbols indicate data

taken while the flow in the wind tunnel is increasing from

zero. Closed symbols are data taken while the flow in the

wind tunnel is decreasing from the maximum of 28 m/s. We

observe very slight changes in the resonator sounding fre-

quency over the range of aeroacoustic excitation. As the data

indicates, we observe strong excitation of the resonators

over a wider flow range for higher frequencies than for lower

frequencies.

Figure 3 displays the average sounding frequency for a

given neck length along with the theoretical prediction for a
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Helmholtz resonator as expressed in Eq. (4). We see better

agreement between the simple models at lower frequencies

than at higher frequencies. In terms of our simple mass-

spring model, higher actual frequencies means either the

Helmholtz neck length is shorter than measured or the

effective cross-sectional area of the neck is less. According

to the “hinged-lid” model of Ref. 21, our low-speed wind

tunnel coupled to our low-frequency resonators keeps us in

the “wall separation regime.” This means that the viscous

boundary layer detaches from the wind-tunnel wall at a point

up stream that is greater than the diameter of the neck open-

ing. This implies that the effective neck area is not changed

for our experiment. However, Ref. 22 shows measurements

of the effective end correction for the resonator neck as a

function of a scaled Strouhal number. When applied to our

experiment, Ref. 22 implies that the effective end correction

should be about half what was used in L0H and partially

explains the discrepancy between the measurements and the

simple model used here at higher frequencies. That is, at

higher frequencies (i.e., shorter necks), the correction is a

greater percent of the total neck length and is therefore a

larger influence on these frequencies than longer neck

lengths (i.e., lower frequencies). Further work needs to be

done to quantify the end-correction for wall-mounted resona-

tors in flow.

The aeroacoustic excitation of the straight coaxial

Helmholtz resonator necks as the flow is increased and

decreased is displayed in Figs. 4 and 5. These figures display

the ratio of the acoustic velocity at the site of vortex shed-

ding divided by the flow velocity, VAC/Vflow, at the center of

the wind tunnel vs the Strouhal number, St. Data in these fig-

ures follow the same convention as in previous figures, open

symbols are for measurements when the flow in the wind

tunnel is increasing from zero and closed symbols are when

the wind tunnel flow is decreasing from its maximum value

of 28 m/s. Figure 5 is illustrative of the resonator’s perform-

ance: As the wind tunnel flow rate is increased, the first

FIG. 2. Sounding frequency vs Strouhal number of coaxial wall-mounted

Helmholtz resonators with different neck lengths as denoted in Table I.

Open symbols denote data taken when the flow is increasing from zero.

Closed symbols are data taken while for flow in the wind tunnel is decreas-

ing from the maximum of 28 m/s.

FIG. 3. The average sounding frequency for all individual neck lengths dis-

played in Fig. 3 vs the variable neck length. Solid line is simple Helmholtz

resonator frequency from Eq. (4). Open symbols are the average of the fre-

quencies measured while increasing the flow. Closed symbols (mostly

obscured) are the average of the frequencies measured while decreasing the

flow from its maximum.

FIG. 4. The ratio of the acoustic velocity amplitude, Vac/Vflow, vs the

Strouhal number, St, for coaxial wall-mounted Helmholtz resonators with

neck lengths displayed in Table I. Open symbols denote data taken when the

flow is increasing from zero. Closed symbols are data taken while for flow

in the wind tunnel is decreasing from the maximum of 28 m/s.
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detected acoustic excitation of the resonator is found

between 0.2< St< 0.25. As the flow rate is increased, the

acoustic pressure amplitude response in the resonator flask

climbs quickly to a maximum value. Shorter neck lengths

reach higher acoustic amplitudes. We see a dramatic, bell-

shaped curve because once the acoustic excitation amplitude

has saturated, increases in the flow rate decrease the ratio

Vac/Vflow. A summary of the data for various neck lengths in

found in Table I. Upon reaching this maximum, further

increases in flow rate tend to decrease the acoustic response

until there is a sudden disappearance of the acoustic reso-

nance. Similar abrupt changes in acoustic signal were

reported by Ziada in Refs. 29 and 30 among others. Starting

the flow at high flow rate and slowly decreasing it results in

the filled data symbols. As can be seen, the flow excited res-

onance “kicks in” at a different flow rate than when it shut

off when the flow was increasing.

Figure 4 displays only two of the longer neck lengths

for comparison purposes; more are displayed in Fig. 5. Here

the acoustic response of the system is lower and does not dis-

play abrupt changes except in the 25 cm neck length data. Of

interest is the range of excitation: The longest necks have a

response that falls within the range of Oð10�3Þ < Vac=Vf low

< Oð10�1Þ, which enables analysis with the describing-

function theory described by Anderson,2 Elder,3,4 Mast and

Pierce,10,11 and Meissner.12,13 The shortest neck lengths

reach velocity ratios near 0.5, which is impressive for this

wind tunnel operating near atmospheric pressure.

FIG. 5. Detail of the acoustic velocity amplitude ratio data for long coaxial

Helmholtz resonator neck lengths displayed in Table I not all displayed in

Fig. 4. Open symbols denote data taken when the flow is increasing from

zero. Closed symbols are data taken while for flow in the wind tunnel is

decreasing from the maximum of 28 m/s.

TABLE I. Compilation of measured wind tunnel flow velocity, Vmax
f low, sounding frequency, f, maximum acoustic pressure amplitude in the flask, Pmax

ac , at maxi-

mum acoustic velocity ratio, Vac/Vflow for the listed variable neck lengths. Data symbols as they appear in the data plots are also listed. Open symbols denote

data taken when the flow is increasing from zero. Closed symbols are data taken while for flow in the wind tunnel is decreasing from the maximum of 28 m/s.

Neck type Plot symbol Flow Vmax
f low (m/s) f (Hz) Pmax

ac (Pa) Vmax
ac =Vf low

0 cm Filled circle Decreasing 21.4 74.6 1153.0 0.48

0 cm Open circle Increasing 20.8 74.6 1118.2 0.48

3 cm Filled down triangle Decreasing 19.7 68.6 1132.2 0.47

3 cm Open down triangle Increasing 21.5 68.7 1219.0 0.465

5 cm Filled up triangle Decreasing 19.6 65.9 1192.2 0.48

5 cm Open up triangle Increasing 20.5 65.9 1226.4 0.472

7 cm Filled diamond Decreasing 18.7 63.3 1174.9 0.475

7 cm Open diamond Increasing 19.4 63.3 1217.4 0.474

14 cm Filled star Decreasing 16.9 56.3 1095.1 0.437

14 cm Open star Increasing 18.2 56.3 1179.1 0.435

20 cm Filled square Decreasing 15.1 51.5 959.1 0.39

20 cm Open square Increasing 16.3 51.6 1042.4 0.394

23 cm Filled right triangle Decreasing 14.8 49.9 980.5 0.395

23 cm Open right triangle Increasing 15.5 50.0 1038.6 0.401

25 cm Filled left triangle Decreasing 12.8 48.7 174.5 0.079

25 cm Open left triangle Increasing 12.4 48.7 164.5 0.077

26 cm Top filled circle Decreasing 12.1 47.7 141.1 0.066

26 cm Bottom filled circle Increasing 12.1 47.7 141.1 0.066

27 cm Left filled circle Decreasing 12.1 47.4 131.0 0.061

27 cm Right filled circle Increasing 12.2 47.2 134.6 0.062

28 cm Top filled square Decreasing 12.1 46.8 127.8 0.059

28 cm Bottom filled square Increasing 12.1 47.0 124.6 0.058

29 cm Left filled square Decreasing 11.7 46.5 90.5 0.043

29 cm Right filled square Increasing 11.7 46.5 90.5 0.043

30 cm Filled hexagon Decreasing 11.2 45.8 75.3 0.037

30 cm Open hexagon Increasing 11.3 45.7 75.3 0.036
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IV. ANALYSIS

We will use the describing-function theory as laid out in

the work by Mast and Pierce11 to model the resonator

response data in the range Oð10�3Þ < Vac=Vf low < Oð10�1Þ.
In this low-amplitude range, it is thought that the pressure

fluctuation associated with flow disturbances is proportional.

This pressure fluctuation, Pdrive, is related to a flow velocity

near the duct wall, Vwall, in the wind tunnel via

Pdrive ¼ bqV2
wall; (6)

where b is a constant. As noted by Mast,10 the Helmholtz

resonator’s quality factor, Q, acts as an amplifier of Pdrive

yielding the measured acoustic pressure amplitudes in the

flask during flow-excited resonance. In this way, the values

in Table I may be used in this expression for b,

b ¼ Pmax
ac

qV2

max
wall

Q0

; (7)

where Q0 is the quality factor of the resonator at max response,

Q0 ¼
ffiffiffiffiffiffiffiffi
KM
p

=R0, where K ¼ qc2S2
H=VH , M ¼ qSHL0H, and R0

is the radiation resistance of a baffled source at resonance,

R0 ¼ qcðk0SHÞ2=2p with k0 ¼ x0=c where x0 is the resona-

tors angular resonance frequency given by x0 ¼
ffiffiffiffiffiffiffiffiffiffi
K=M

p
. At

other frequencies, R will vary as ðkDs=2Þ2 like a piston in a

baffle.

We refer the reader to Ref. 11 for a full description

of describing-function theory and its application to flow-

excited resonators. What follows is a quick review how the

flow-excited resonator responds to and is influenced by a

flow disturbance in the wind tunnel’s boundary layer.

Reference 11 argues that the forward gain function which

drives the resonator is given by

qo

qr

� �
f orward

¼ bS2
HqV2

wall

xMjqrj
e�i 3p=2�2xWef f =Vwallð Þ; (8)

where qr is the resonator volume velocity. qo is the orifice
volume flow, which is “the flow that would occur in the

absence of any resonator for a given pressure disturbance

across the orifice.” The sum, qr þ qo ¼ qtotal, represents the

total volume flow into the resonator. At resonance, qr is

approximately equal to qtotal. The backward gain function

describes the resonator’s response to excitation to the flow

disturbance. Reference 11 treats the Helmholtz resonator as

a driven damped mass-spring system,

ð�x2M � ixRþ KÞx ¼ SHPdriveðx; tÞ; (9)

where x is the average displacement of the fluid in the reso-

nator neck, which, for simple harmonic motion, is related to

the volume velocity of the fluid in the resonator neck as

qtotal ¼ �ixSHx. Hence using qr þ qo ¼ qtotal, Eq. (9) can be

written as

qr ¼
K � ixRð ÞS2

HPdrive

ixM K �Mx2 � ixRð Þ : (10)

The backward gain function can be defined by utilizing

Eq. (10) and qo ¼ pdrive=ð�ixMÞ to give

qr

qo

� �
backward

¼ 1� ixR=K

x=
ffiffiffiffiffiffiffiffiffiffi
K=M

p� �2

� 1� ixR=Kð Þ
; (11)

or, in terms of nondimensional variables, X ¼ x=x0 and the

quality factor Q ¼
ffiffiffiffiffiffiffiffi
KM
p

=R, the backward gain function is

qr

qo

� �
backward

¼ 1� iX=Q

X2 � 1� iX=Qð Þ
: (12)

Stable self-excited oscillations require that the product of the

forward and backward gain functions be identically one,

hence,

qo

qr

� �
f orward

qr

qo

� �
backward

¼ 1: (13)

For a given velocity near the wall, Vwall, and resonator

dimensions, this equation’s real and imaginary parts yield

two equations for the unknown resonator neck velocity

response, jqrj and its frequency of oscillation, x. Our method

of solution for jqrj and x parallels that of Ref. 11. Plugging

Eqs. (8) and (12) into the loop-gain criteria of Eq. (13)

yields

bS2
HqV2

wall

xMjqrj
e�i 3p=2�2xWef f =Vwallð Þ 1� iX=Q

X2 � 1� iX=Qð Þ
¼ 1:

(14)

This expression implies that the imaginary part of the loop

gain is zero, hence,

Im e�i 3p=2�2xWef f =Vwallð Þ 1� iX=Q

X2 � 1� iX=Qð Þ

" #
¼ 0: (15)

Following a procedure of expanding the exponential and

rationalizing the denominator as described by Ref. 11 yields

the following for the imaginary part,

2
xWef f

Vwall

� �
¼ tan�1 Q2 � X2 Q2 � 1

� �
X3Q

 !
þ 2np; (16)

where n is an integer. The case n¼ 1 corresponds to the

highest-amplitude oscillations of a flow-excited resonator,

which is the case for this paper and Ref. 11. The preceding

equation with the other quantities as defined before can be

numerically solved for x for a specified value of Vwall. Then

the value of x is used in Eq. (14), which yields a value

for the resonator volume velocity, jqrj. Last, the total volume

velocity response in the resonator neck can be determined

via

jqtotalj ¼ jqrjj1þ ðqr=qoÞ�1
backwardj: (17)

It should be noted that we measure the flow velocity in

the center of the wind tunnel before the junction. This flow
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velocity is related to Vwall via Vwall ¼ Vf low=s where s is a

scale factor. With this addition, Eq. (7) now depends on s:

b ¼ ðs2Pmax
ac Þ=ðqV2

flow maxQ0Þ. This expression for b can be

incorporated into Eq. (14) and used to fit the theory to the

measured data.

For each neck the response of which is in the range

Oð10�3Þ < Vac=Vf low < Oð10�1Þ, we run a PYTHON program

written to solve the equations in the preceding text for x and

qtotal=SH for the given geometry of the system by adjusting

the value of the scale factor, s, until a good fit of the theory

to the data is found. Table I summarizes the values of Pmax
ac

and Vmax
f low used in the determination of b. Minor adjustments

of the effective lengths of the resonator necks (typically less

than 5 mm, which is less than 1% of the total neck length)

was also used to better match theoretical predictions for the

sounding frequency to the measured data. Sounding fre-

quency vs Strouhal number, St, for the measured data and

theoretical predictions are displayed in Fig. 6. We can see

that the describing-function model for the flow-excited reso-

nator reasonably predicts the sounding frequency of the

resonator. The ratio Vac/Vflow vs Strouhal number, St, for the

measured data and the theoretical prediction is displayed in

Fig. 7. These data were used to adjust the scale parameter, s,

to reasonably fit the data. The scale factor primarily adjusts

the theoretical curve for sounding frequency and velocity

ratio to the left and right with small changes vertically

through the parameter, b.

All neck lengths with a response in the range

Oð10�3Þ < Vac=Vf low < Oð10�1Þ were analyzed, but only

the extremes are plotted for clarity. The numerical value of

the scale factor ranges from 2.58 for the þ30 cm neck to

2.75 for the þ25 cm neck when fitting with the values of

Pmax
ac and Vmax

f low found when the wind tunnel’s flow rate is

increasing. These scale numbers are comparable to those

found by Howe6 for a vortex street excited Helmholtz reso-

nator. As determined earlier, it is a safe assumption that the

flow is turbulent in the wind tunnel leading to the junction

because the Reynolds number, Re ¼ DpipeVf lowq=l is

� 33 000 at a wind tunnel flow speed of 10 m/s, which is

typical for aeroacoustic excitation of the low-frequency reso-

nators in the range Oð10�3Þ < Vac=Vf low < Oð10�1Þ.
A well-established model42,43 for turbulent velocity pro-

file in pipes that conforms well to data with Re> 20 000 is

known as the logarithmic distribution. The logarithmic

distribution, with appropriate approximations, can be used to

demarcate three regions in the flow: the viscous sublayer, the

buffer zone, and the turbulent core. Using the measured

Vmax
f low and fitted scale factor, s, allows us to estimate the loca-

tion of the fluctuating boundary layer, Vwall, that drives the

aeroacoustic response of these low-frequency resonators. It

is found that the location of the driving force within the

wind tunnel exciting the resonators is approximately 1 cm

from the tube wall. In terms of the logarithmic distribution,

this location lies outside of the buffer zone and partially in

the turbulent core which is reasonable for this system.

V. CONCLUSIONS

In this work, we describe a low-speed wind tunnel

with coaxial variable neck-length Helmholtz resonators.

Extensive experimental test results of this system reveal

strong aeroacoustic response over a Strouhal number range of

FIG. 6. Measured sounding frequencies vs Strouhal number for the þ25 and

þ30 cm variable neck length resonators. Open symbols denote data taken

when the flow is increasing from zero. Closed symbols are data taken while

for flow in the wind tunnel is decreasing from the maximum of 28 m/s. The

solid and dotted lines are the result of using the describing-function model

of Ref. 11 with a scaling factor of s¼ 2.58 for the þ30 cm resonator and

s¼ 2.75 for the þ25 cm resonator variable neck length.

FIG. 7. Measured acoustic velocity amplitude ratio, Vac/Vflow vs Strouhal

number, St, for the þ25 and þ30 cm variable neck length resonators. Open

symbols denote data taken when the flow is increasing from zero. Closed

symbols are data taken while for flow in the wind tunnel is decreasing from

the maximum of 28 m/s. The solid and dotted lines are the result of using

the describing-function model of Ref. 11 with a scaling factor of s¼ 2.58

for the þ30 cm resonator and s¼ 2.75 for the þ25 cm resonator variable

neck length.
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0.1–0.25 for both increasing and decreasing the flow rate in

the wind tunnel with some hysteresis present. Ninety-degree

bends in the resonator necks does not significantly change the

aeroacoustic response of the system. Aeroacoustic response in

the low-amplitude range Oð10�3Þ < Vac=Vf low < Oð10�1Þ
has been successfully modeled by the describing-function

analysis of Ref. 11. This analysis, coupled with a turbulent

flow velocity distribution model, gives reasonable values for

the location in the flow of the undulating velocity that drives

vortex shedding at the resonator mouth. Having an estimate

for this velocity that drives the flow-excited resonance is cru-

cial when employing the describing-function analysis to pre-

dict aeroacoustic response of resonators. Additionally, further

work needs to be done to quantify the end-correction for

wall-mounted resonators in the presence of grazing flow to

accurately predict the sounding frequency.
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