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When one swings a short corrugated pipe segment around one’s head, it produces a musically

interesting whistling sound. As a musical toy it is called a “Hummer” and as a musical instrument,

the “Voice of the Dragon.” The fluid dynamics aspects of the instrument are addressed, correspond-

ing to the sound generation mechanism. Velocity profile measurements reveal that the turbulent

velocity profile developed in a corrugated pipe differs notably from the one of a smooth pipe. This

velocity profile appears to have a crucial effect both on the non-dimensional whistling frequency

(Strouhal number) and on the amplitude of the pressure fluctuations. Using a numerical model

based on incompressible flow simulations and vortex sound theory, excellent predictions of the

whistling Strouhal numbers are achieved. The model does not provide an accurate prediction of

the amplitude. In the second part of the paper the sound radiation from a Hummer is discussed. The

acoustic measurements obtained in a semi-anechoic chamber are compared with a theoretical

radiation model. Globally the instrument behaves as a rotating (Leslie) horn. The effects of Doppler

shift, wall reflections, bending of the tube, non-constant rotational speed on the observed frequency,

and amplitude are discussed. VC 2012 Acoustical Society of America. [DOI: 10.1121/1.3651245]

PACS number(s): 43.28.Py, 43.75.Np, 43.75.Qr, 43.75.Ef [TRM] Pages: 749–765

I. INTRODUCTION

In thin walled pipes corrugations provide local stiffness

while allowing for a global flexibility. This makes corru-

gated pipes convenient for various industrial applications

ranging from vacuum cleaners to offshore natural gas pro-

duction.1 Flow through this type of pipes can sustain high

amplitude whistling tones, which do not occur in smooth

pipes. This whistling is an environmental annoyance and

associated vibration can lead to mechanical failure.2

Short corrugated pipe segments are also used as musical

toys and instruments. The “Hummer”3 is a flexible plastic

corrugated pipe of approximately 75 cm length and 3 cm

diameter, as shown in Fig. 1. While holding one end by

swinging the tube around the head, various tones can be pro-

duced. This chorus like sound is musically interesting. The

instrument has received the names “Voice of the Dragon”4,5

and “Lasso d’Amore.”6

A more extensive review of the literature on corrugated

pipes is given in the earlier papers of the authors.7,8 Physical

modeling of corrugated pipes by means of simple source

models placed along a tube has been proposed by Debut9

and Goyder.10 A Large eddy simulation has been attempted

by Popescu and Johansen,11 but results seem to be in contra-

diction with the experimental studies.8,12,13

In the present paper the physical modeling of this instru-

ment is discussed. In the next section, an overview of the ba-

sic principles is given. The following two sections focus on

the flow and the associated sound production within the

tube. The fourth section considers the radiation of the sound

from the open pipe terminations. The fifth section covers

some of the mystery that is removed and remaining open

questions. The last section concludes the study.

II. BASIC PRINCIPLES

The whistling of the Hummer is induced by the flow

through the pipe driven by its rotation. This can be demon-

strated by closing the stationary pipe termination, which is

held with the hand. Placing the thumb in the tube or covering

the entrance with the palm are convenient ways to do so.

This suppresses the whistling. Another way to demonstrate

that it is the flow through the corrugated pipe that sustains

the whistling, is to blow through the pipe. Our lung capacity

is not sufficient to make a typical Hummer whistle. How-

ever, one can take a narrower corrugated pipe and make it

whistle. A corrugated pipe with a diameter of D ¼ 1 cm and

a length of L ¼ 1 m used as a protection jacket for electrical

cables in buildings, whistles nicely at a rather high pitch.

In flows producing sound the fluid velocities are so high

that the pressure forces are mainly balanced by the inertia of

the fluid. The viscous forces are negligible in the bulk of the

flow. They only become important within thin boundary

layers close to the wall. The pressure in these boundary

layers is imposed by the main flow.14 In the boundary layer

due to viscous losses a fluid particle does not have enough

kinetic energy to travel against an adverse pressure gradient,

as it would do in the bulk of the flow. This results in a back

flow along the wall opposite to the main flow direction and

ultimately a separation of the boundary layer from the wall

at an abrupt pipe widening. This forms a so-called shear

layer, separating the high speed bulk flow region from the
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low speed flow region close to the walls. This separation

occurs at each corrugation, leaving almost a stagnant fluid in

the cavities. These shear layers are quite unstable and the

resulting unsteadiness of the flow is a source of sound.15

Furthermore the flow separation is also very sensitive to

acoustical perturbations. These perturbations trigger the roll-

up of the shear layer into vortices. This receptivity of the

shear layer to acoustic perturbations is essential in the whis-

tling process. It couples the vortex shedding developing at

each corrugation with the global standing acoustical wave in

the tube. As a consequence, the unsteadiness of the flow

within each cavity (corrugation) along the pipe is synchron-

ized with a global acoustic oscillation of the pipe. Actually,

it is a feedback system in which the flow instability at each

cavity is a power supply and the pipe is a filter, selecting a

specific tone corresponding to a standing longitudinal wave

(resonance mode). This is a sound amplification by simu-

lated emission radiation device analogous to a laser. Such a

feedback system can produce a periodic oscillation only if

there is a non-linear saturation mechanism, which limits the

amplitude.16

III. FLUID DYNAMICS

A. Frictionless model

The average flow velocity Uavrg through the swinging

pipe can be estimated by assuming a steady frictionless flow.

As the velocities are low compared to the speed of sound,

the pressure difference across the pipe is very small com-

pared to the atmospheric pressure. One can therefore neglect

the density variation in the steady component of the flow.

The fact that the air is almost incompressible implies that, in

a steady flow, the volume flux Q along the tube must be in-

dependent of the position x along the tube, measured from

the fixed open end. If we neglect changes in the shape of the

velocity profile UðrÞ, with r is the distance from the pipe

axis, the flow velocity remains constant along the pipe. This

velocity is defined by Uavrg ¼ 4Q= pD2ð Þ. Because of the

swinging motion, the tube is rotating with an angular veloc-

ity X. A fluid particle, corresponding to a slice of the tube of

length dx, will undergo a centrifugal force q0 pdxD2=4ð ÞX2x,

where q0¼1:2 kg=m3 is the air density. As the fluid

velocity is constant, this force should be balanced by the

pressure forces � p xþdxð Þ�p xð Þ½ �pD2=4¼�dp pD2=4ð Þ.
This yields the differential equation for the pressure p:

dp ¼ q0X
2xdx: (1)

Integration between the stationary tube inlet x ¼ 0 and the

moving tube outlet x ¼ L yields

p Lð Þ � p 0ð Þ ¼ 1

2
q0X

2L2: (2)

Note that this equation has the opposite sign from the equa-

tion used by Silverman and Cushman4 and Serafin and

Kojs.5 This is due to the fact that Silverman and Cushman4

ignored the impact of the centrifugal force on their measure-

ment of the pressure difference and made the erroneous

assumption that the inlet pressure p 0ð Þ should be equal to

atmospheric pressure patm. In fact, as a result of flow separa-

tion, a free jet is formed at the swinging outlet of the pipe.

Like in the plume flowing out of a chimney, the pressure

p Lð Þ in this free jet is equal to the surrounding atmospheric

pressure patm.17 The low pressure at the inlet,

p 0ð Þ ¼ patm �
1

2
q0X

2L2; (3)

is actually sucking the surrounding air into the pipe. This

explains the observation of Silverman and Cushman4 that

small bits of tissue paper placed in the palm will be sucked

up into the tube and discharged from the rotating end.

Assuming a steady incompressible frictionless flow around

the inlet, one finds from the conservation of mechanical

energy (Bernoulli):

patm ¼ p 0ð Þ þ 1

2
q0U2

avrg; (4)

which combined with Eq. (3) yields the very simple result:

Uavrg ¼ XL: (5)

In this simple model the friction is neglected (except for

flow separation at the outlet), which leads to a uniform ve-

locity profile in the pipe. In reality, however, as a result of

friction the velocity in the pipe will be lower near the walls

than in the middle, so that a non-uniform velocity profile

will develop. The shape of the velocity profile is expected to

be important in corrugated pipes both for the frequency and

the amplitude of the whistling.7 In Sec. III C 1, the velocity

profile in a Hummer is addressed.

B. Experimental setup

The velocity profile in a Hummer was determined by

means of hotwire measurements. Figure 2 shows the experi-

mental setup. An aluminum pipe with a diameter of 33 mm

and a length of 60 mm was inserted to the conical section

at the inlet of the Hummer (Fig. 1). Using a clamp for stand-

ard vacuum appliances (ISO-KF), the aluminum pipe was

attached to the settling chamber of the wind tunnel in an air-

tight manner. The settling chamber is a wooden box of

0.5 m� 0:5 m� 1:8 m. The flow is driven by a centrifugal

ventilator. An 8 cm thick layer of acoustic foam on the inner

walls of the settling chamber prevents acoustical resonances

of the box. The Hummer lay on a horizontal table and passed

FIG. 1. A schematic drawing of a Hummer.
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through two rigid metal pipe segments with a diameter of

33 mm and length of 100 mm. Using these rigid pipe seg-

ments the Hummer was fixed on the table without pressing

on the elastic plastic walls. Also by changing the position of

the second rigid pipe, the Hummer could be bent in the hori-

zontal plane. The effect of the bending is addressed in

Sec. VI B, all the other results that are presented were

obtained with a straight Hummer.

The average velocity (Uavrg) was calculated from the

pressure difference across the inlet contraction using the

equation of Bernoulli [Eq. (4)]. The pressure difference is

measured by means of a Betz micromanometer. The velocity

profile at the end of the Hummer was measured with a hot-

wire probe (Dantec probe type 55P11). The hotwire ane-

mometer used in this study was a Dantec 90C10 CTA

module installed within a Dantec 90N10 frame. The signal

was amplified and low-pass filtered through a low-noise pre-

amplifier (Stanford Research Systems, Model SR560) and

sent to the computer via a National Instrument BNC-2090

data acquisition board with a 12-bit resolution at a sampling

rate of 10 kHz. A sampling duration of 10 second was used

for each position. All the data were obtained using the

Dantec StreamWare software. The hotwire signals were

compensated for variations in the flow temperature. Integra-

tion of the velocity profile over the outlet provides a second

measurement for the flow velocity Uavrg.

Experiments were performed on a Hummer manufactured

by Jono Toys, b.v., Holland. The Hummer has a corrugated

length of Lcor ¼ 700 mm, a smooth length of Lsmth ¼ 30 mm,

a conical section length of Lcon ¼ 10 mm and an entrance

diameter Dent ¼ 33 mm, as shown in Fig. 1. The remaining

geometric parameters are shown in Fig. 3, where only a few

corrugations are sketched. The wave length of a corrugation is

(pitch) Pt ¼ 7 mm. The depth of the cavity is H ¼ 2:7 mm.

Since the cavity width is changing continuously with the cavity

depth, width is determined at the mid-depth of the cavity18 as

W ¼ 5 mm. The radius of the curvature for the edges inside

the cavity is rup�ðinÞ ¼ rdown�ðinÞ ¼ 1 mm. The radius of the

curvature for the edges at the cavity mouth is rup�ðoutÞ
¼ rdown�ðoutÞ ¼ 0:5 mm. The inner diameter is Din ¼ 26:5 mm.

The plateau, which is the length of the constant inner diameter

part between two cavities, is l ¼ 1 mm.

C. Results

1. Average velocity profile and turbulence intensity

All the velocity profiles that are presented were meas-

ured along an axis normal to the axis of Hummer at a dis-

tance of 1 mm downstream from the pipe termination. Some

measurements were also taken inside the corrugated pipe,

the results are identical with the presented data. It is conven-

ient to measure the profile outside the pipe, because when

the probe is in the pipe it is difficult to make measurements

close to the wall.

In Fig. 4 a measured velocity profile for a straight

Hummer is presented together with a turbulent velocity pro-

file for a smooth pipe and a profile that is obtained by

Reynolds-averaged Navier-Stokes (RANS) simulation of the

Hummer. The velocity profile that is developed in the

Hummer is rather different than the one of a smooth pipe. It

is also seen that the RANS simulations can provide a reason-

able estimation of the velocity profile.

FIG. 2. Experimental setup.

FIG. 3. Cross-section of a segment of Hummer with geometric parameters.

FIG. 4. Measured velocity profiles UðrÞ for a Hummer: Hotwire(1/2), Hot-

wire(2/2) are the 1st and 2nd half of the profile, respectively. “Smooth.

turb.” indicates a fully turbulent pipe profile for a smooth pipe. RANS indi-

cates a profile that is obtained by RANS simulation of a Hummer.
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The RANS simulations were performed with the com-

mercial finite volume code FLUENT 6.3.

The computational domain had the same geometry as the

Hummer but was composed of five cavities, as shown in

Fig. 3. A cylindrical symmetric 2D domain was used to mimic

a circumferential cavity. The computational domain contained

approximately 180 000 cells, which were clustered close to

the cavity mouth where there are high gradients of velocity

due to the shear layer. The pressure-based segregated solution

algorithm SIMPLE (Ref. 19) was employed. A second-order

upwind space discretization was used for convective terms.

A k � � turbulence model was used together with standard

wall functions as near wall-treatment. The iterations were ter-

minated when all residuals had dropped at least eight orders

of magnitude. In the first simulation a fully developed turbu-

lent velocity profile for a smooth pipe was used as an inlet

boundary condition. Then the converged velocity profile at

the outlet was extracted and used as the inlet velocity profile

for the next simulation. This procedure was repeated until a

fully developed velocity profile was obtained, namely 11

times, such that the imposed inlet velocity profile remained

unaltered till the outlet. Thus, it took 50 corrugations for the

flow to fully develop.

In Fig. 5, the measured turbulence intensity ðTI ¼ u0h=
Uavrg � 100Þ profile for a straight Hummer is presented. This

rather high turbulence level hides the acoustic perturbations

u0 under the broadband hydrodynamic perturbations (u0h) in a

signal in the time domain.

The dimensionless fluctuation/perturbation amplitude,

p0max

�� ��=q0c0Uavrg ¼ u0max

�� ��=Uavrg, is defined as the amplitude

of the standing pressure wave at a pressure anti-node inside

the main pipe p0max

�� ��, divided by the air density q0, the speed

of sound c0, and the average flow velocity Uavrg; which is

equal to the amplitude of acoustic velocity at a pressure

node inside the main pipe u0max

�� �� divided by the average flow

velocity Uavrg. In Fig. 6 a power spectrum obtained from a

typical hotwire measurement is presented. In the Fourier do-

main the whistling frequency can easily be identified among

the broadband hydrodynamic perturbations by the distinct

peak in the spectrum. The corresponding perturbation ampli-

tude ( u0max

�� ��=Uavrg) is determined as follows:

u0max

�� ��
Uavrg

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiÐ

Pðf Þdf
p

Uavrg

; (6)

where Pðf Þ is the power density.

2. Friction factor

The frictional pressure loss along a pipe of length (L) is

defined by

pð0Þ � pðLÞ ¼ 4cf
1

2
q0U2

avrg

L

Din

; (7)

where cf is the friction factor.20 Measuring the settling

chamber pressure (p0) as a function of average flow velocity

Uavrg, the friction factor is determined as cf ¼ 1:78� 10�2

independent of the Reynolds number for 8� 108 � ReD

� 4� 104 (ReD ¼ UavrgD=� with � ¼ 1:5� 10�5). The

pressure at the pipe inlet, pð0Þ, is calculated from the settling

chamber pressure p0 as follows pð0Þ ¼ p0 þ 1=2qU2
avrg.

Knowing the friction factor cf , a better estimation of the

average flow velocity (Uavrg) can be proposed than the

frictionless model as

Uavrg ¼
XRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4cf
L

Din

q ; (8)

where R is the rotation radius. As is explained in Sec. V A,

R � L.

3. Effective speed of sound

The acoustic field in a Hummer, in a first order approxi-

mation, can be described in terms of plane waves propagat-

ing along the pipe axis. Sound propagates along the Hummer

at an effective speed of sound18 ceff , which is lower than the

speed of sound in the air c0. As a first order approximation,

the Hummer can be described as a tube of uniform cross sec-

tion with a diameter of Din. The inertia is determined
FIG. 5. Measured turbulence intensity profiles ðTI ¼ u0h=Uavrg � 100Þ for a

Hummer.

FIG. 6. A typical power spectrum Pðf Þ of a hotwire measurement for a

whistling Hummer.
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considering the mass in this tube. The air in the cavities has

a limited contribution to the inertia,21 however, they behave

like an extra volume of air, which has the effect of lowering

the frequency of each resonance. Thus, the acoustic compli-

ance is determined by the total volume of the Hummer.

Then, for the propagation of low frequency acoustic waves

along the tube, f Pt=c0 � 1, the effective speed of sound is

estimated as follows:

ceff ¼ c0

ffiffiffiffiffiffiffi
Vin

Vtot

r
; (9)

where Vin ¼ pD2
in=4L is the inner volume of the Hummer

and Vtot is the total volume of the Hummer. To determine

the total volume of the Hummer, a section composed of 20

pitches (140 mm) was cut and one of the termination was

closed by gluing it to a plastic plate. Using a syringe, starting

from the bottom the tube was slowly filled to avoid air bub-

ble formation. Then the difference in the weight of the empty

corrugated segment and the corrugated segment filled with

water was measured by means of a balance with an accuracy

of 0.01 g. The ratio of inner volume to total volume is found

as Vin=Vtot ¼ 0:83, which leads to an effective speed of

sound ceff ¼ 310 m/s at room temperature (c0 ¼ 340 m/s).

4. Whistling frequencies and Strouhal number

In corrugated pipes the whistling frequency does not

vary continuously with a monotonically increasing flow rate,

but rather in distinct steps, corresponding to open-open

resonant acoustic longitudinal modes of the pipe:

fn ¼
n ceff

2 Leff

; n ¼ 1; 2; 3; :::; (10)

where Leff is the effective length of the pipe. Considering the

experimental setup presented in Fig. 2, Leff corresponds to

the combined length of the following elements: corrugated

segment of the Hummer, the smooth segment of the

Hummer, the connection piece to the wind tunnel, and the

end corrections.21,22 Knowing the effective speed of sound

and the whistling frequency of a given mode from an experi-

ment, using Eq. 10 Leff is determined as 822 mm.

In Fig. 7 whistling frequencies, obtained from spectra as

demonstrated in Fig. 6, in terms of Helmholtz number

(He ¼ f Leff=ceff ), are given as a function of Mach number

(M ¼ Uavrg=c0) for the Hummer. Integer and half integer

values of Helmholtz number correspond to the even and odd

longitudinal resonant modes, respectively. There is a global

linear relationship between Helmholtz number and Mach

number, which indicates a constant Strouhal number

SrLc
¼ f Lc=Uavrg; (11)

where Lc is the characteristic length. Experiments have shown

that the sum of the cavity width and the upstream edge radius

(Lc ¼ W þ rup�ðoutÞ) is the most suitable characteristic length

for Strouhal number.1,8 The Strouhal number is determined as

SrWþrup
¼ 0:44 for the Hummer. Furthermore, it is seen that

above a critical Mach number, M ¼ 0:085, a mode with a dif-

ferent Strouhal number is excited. The first mode above the

critical Mach number corresponds to the first transversal pipe

mode, He ¼ f Leff=ceff ¼ 7, based on the outer diameter Dout.

This study is limited to the velocities below the critical Mach

number.

The coupling of the flow instability at each cavity to the

longitudinal standing wave can be described as a feedback

loop which leads to self-sustained oscillations. In self-

sustained oscillations the flow perturbations should undergo a

total phase shift, when traveling along the feedback loop,

matching an integer number of 2p. The total phase shift is

mainly composed of a phase shift due to the convection of

vortices from the upstream edge toward the downstream edge

and due to the acoustical response of the pipe. The convection

time of the vortices over the cavity mouth is ðW þ rupÞ=Uconv

where the convection velocity is about half the main flow ve-

locity Uconv ¼ Uavrg=2. Around a pipe resonance there is a

rapid change in the phase of the acoustical response with a

maximum of p (change of sign). When the flow velocity in

the pipe is increased the convection time of the vortices

decreases so that the system increases the oscillation fre-

quency f to match the phase oscillation condition.16 The slope

df=dUavrg is inversely proportional to the quality factor of the

resonator. If the quality factor of the resonator is large a small

change in frequency is sufficient to provide a large acoustical

contribution to the compensation of the convective phase

shift. A closer look at the Fig. 7 reveals this feature. There is a

slight, but discernible, increase in the whistling frequency

within each resonant pipe mode (fn). Since the increase in the

velocity is large compared to the corresponding increase in

the frequency within the same acoustic resonant mode there is

a range of Strouhal numbers, where the whistling is observed

rather than a fixed Strouhal number.8,23,24 However, the

response of the resonator has a maximum at the passive reso-

nance frequency fp and therefore a maximum of the whistling

amplitude at f ¼ fp. At this point the convection time of the

vortices is close to a multiple of an oscillation period T plus a

quarter ðmþ 1=4ÞT ¼ ðmþ 1=4Þ=f (m ¼ 1; 2; 3; :::).25 This

is further discussed in Sec. III C 6.

FIG. 7. Helmholtz number He ¼ fLeff=ceffð Þ plotted against Mach number

(M ¼ Uavrg=c0).
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In Fig. 8 normalized Helmholtz number [He ¼
2 f Leff=ðnceffÞ] ( u0max

�� ��=Uavrg) is plotted against Strouhal

number (SrWþrup
) for acoustic modes of 3rd–11th. It is seen

that using the effective speed of sound, ceff , definition18 the

whistling frequencies (fn) in a corrugated pipe can be

predicted within 4%.

5. Onset of the Whistling

The onset of the whistling in corrugated pipes has been

observed at different longitudinal modes in the literature. In

most of the studies the onset of whistling has been detected

at the second acoustic longitudinal mode.3,4,26 Kristiansen

and Wiik27 have recorded an excited fundamental mode.

Elliott18 obtained the whistling first for the ninth mode. In

the current study, the third mode (He ¼ 1:5) is recorded as

the first whistling mode. It is suggested in the literature that

turbulence triggers the whistling.3,28,29 The absence of whis-

tling at the fundamental mode is explained by the absence of

turbulence.

At high flow rates the velocity field inside the pipe can

display a complex unsteady chaotic motion called turbulence.

The transition from a laminar (smooth-stationary) velocity

field toward a turbulent (chaotic) flow is determined by the

ratio of inertial to viscous forces. A measure for this is the

Reynolds number. For a smooth pipe below ReD ¼ 2300

turbulence cannot be maintained. Depending on the inflow

conditions, a laminar flow can, however, be maintained in a

smooth pipe up to very high values of ReD.20 In the case of

rough walls (such as for a corrugated pipe) turbulence is

commonly observed for ReD � 4000.20 Transition can occur

for ReD � 2300.

In Fig. 7 the expected Mach number ranges are indi-

cated for the fundamental and the second mode, if they had

been observed. The fundamental and second mode, would

start whistling at M ¼ 0:004 (ReD � 2400) and M ¼ 0:012

(ReD � 7200), respectively. The second mode corresponds

to a fully turbulent flow, however it still does not sound.

This experiment indicates that the absence of turbulence is

not likely to be the essential factor determining whether

a mode does not whistle. As it is explained later in Secs.

IV B–IV D, turbulence has an effect on the whistling through

its affect on the average velocity profile.

6. Peak-whistling Strouhal number and whistling
amplitude

In Fig. 9 the perturbation amplitude u0max

�� ��=Uavrg is plotted

against the Strouhal number for all the whistling modes

(3rd–11th). It is seen that all the modes appear in a narrow

Strouhal number range between 0:4 � SrWþrup
� 0:5. The

highest Strouhal number for a resonant mode indicates the

onset of oscillations for that particular acoustic mode. It is

called the critical Strouhal number30 (Srcr
Wþrup

). It is also seen

from Fig. 9 that within the same resonant mode after the onset

of resonance, increasing the flow velocity increases the ampli-

tude of pressure oscillations until reaches a peak value. Further

increase of the flow velocity decreases the amplitude of pres-

sure fluctuations. The Strouhal number, which corresponds to

the maximum pressure fluctuation amplitude for a given acous-

tical mode, is called the peak-whistling Strouhal number7,12

(Sr
p�w
Wþrup

). The peak-whistling Strouhal number of a corrugated

pipe is determined through a linear least square fit of consecu-

tive excited acoustic modes.8 The peak-whistling Strouhal

number of the Hummer is determined to be St
p�w
Wþrup

¼ 0:44,

which is actually presented as the Strouhal number StWþrup

¼ 0:44 in Fig. 7.

Experiments performed on commercial corrugated pipes

of various lengths have shown that there exist a saturation in

dimensionless pressure fluctuation amplitude around p0max

�� ��=
q0c0U � 0:1 when the pipe length (Lp) reaches Lp=Din of

100. Further increase of the pipe length does not change the

amplitude of pressure fluctuations.7 The Hummer produces

a perturbation amplitude of u0max

�� ��=Uavrg � 0:08, which is

lower than the observed saturation value. However,

FIG. 8. Normalized Helmholtz number (He ¼ 2fLeff=ðnceffÞ) ( u0max

�� ��=Uavrg)

plotted against Strouhal number (SrWþrup) for acoustic modes of 3rd–11th.

FIG. 9. Perturbation amplitude ( u0max

�� ��=Uavrg) plotted against Strouhal num-

ber (SrWþrup) for acoustic modes of 3rd–11th.
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considering the length of a Hummer Lp=Din ¼ 28, it is rea-

sonable that the observed perturbation amplitude is weaker.

IV. NUMERICAL METHODOLOGY

In the previous study7 of the authors, a numerical meth-

odology was proposed to investigate the aeroacoustic response

of low Mach number confined flows to acoustic excitations.

That study applied to corrugated pipes revealed the crucial

importance of the velocity profile in the estimation of both the

peak-whistling Strouhal number and the fluctuation ampli-

tude. Experiments and RANS simulations carried out in the

current study (Fig. 4), provide a better prediction of the flow

profile in corrugated pipes. Thus, the proposed numerical

methodology is revisited with more realistic flow profiles.

In the first part of this section the methodology is briefly

summarized and in the second part the improvements in the

estimations are presented.

A. An overview of the methodology

The hydrodynamic instability, which is the driving force

of the acoustic oscillations, is assumed to be a local phenom-

enon at each cavity.8,12 This implies that sound production is

a local effect, which can be studied for a single cavity. Thus,

one can try to describe the phenomenon by carrying out a

numerical simulation of the flow within a single cavity

instead of modeling the whole corrugated pipe. In this

approach the possible hydrodynamic interactions between

cavities are neglected and the oscillations are coupled

through the longitudinal acoustical standing wave. Further-

more, knowing that pitch Pt is much smaller than the acous-

tic wavelength ceff=fn of the produced sound wave, one can

assume that wave propagation time is locally negligible.

This corresponds to the assumption that the flow is locally

incompressible.31

Following these ideas, incompressible 2D axisymmetric

simulations were performed for a single cavity. The inlet of

the computational domain is located at 0:5W upstream of the

cavity; such a short inlet pipe section is chosen to make sure

that the imposed inlet velocity profiles do not evolve signifi-

cantly before reaching the cavity. The outlet is placed at a

reasonably far location, 9W downstream, from the cavity.

The computational domain contains approximately 70 000

quadrilateral cells which are clustered close to the opening

of the cavity and to the walls, where there are high gradients

of velocity due to shear layer and boundary layer, respec-

tively. A study on mesh dependence has been carried out.

The same computation was performed with 2 times and 4

times more densely meshed domains, producing differences

in the calculated acoustic source power of less than 5%.

The simulations were carried out at low Reynolds num-

bers (Re � 4000) without turbulence modeling. The oscillat-

ing pressure differences Dp0 induced along the pipe by the

cavity oscillation are extracted from these simulations. At

the inlet a uniform acoustic oscillating velocity in the axial

direction u0 is imposed in addition to the time averaged inlet

velocity profile UðrÞ. As the viscous effects are not accu-

rately described, the simulations are corrected by subtracting

the pressure differences Dp0visc obtained from simulations of

the flow in a uniform pipe segment with the same boundary

conditions as the cavity simulation. This correction can be

interpreted as an extrapolation method for high Reynolds

number flows, where the solution becomes Reynolds number

independent.7 The acoustic power produced by the source is

calculated as follows:

Psource ¼ Spu0 Dp0 � Dp0visc

� �
; (12)

where Sp is the cross-sectional area. Finally, by taking the

time average 	 	 	h i of the calculated acoustic energy Psource

over a sufficient number of oscillation periods, the spurious

contribution due to the inertia is eliminated.7

B. Effect of flow profile

In the study of Martı́nez et al.31 on T-joints in pipe sys-

tems, a top hat velocity profile with a thin boundary layer

was used as an inlet boundary condition. Later, Nakiboglu

et al.7 showed that a fully turbulent velocity profile of a

smooth pipe is a better approximation for corrugated pipes.

Experiments discussed in Sec. III C demonstrate that the

turbulent velocity profile developed in a Hummer is notice-

ably different than that of smooth pipe (Fig. 4). Therefore,

a series of RANS simulations was performed with a

generic corrugated pipe geometry7 to obtain a more realistic

velocity profile to employ as an inlet boundary condition.

The parameters for the RANS simulations are the same as

the ones used for the Hummer simulation. The geometric

parameters of the generic corrugated pipe are as follows:

Pt ¼ 2:25W, H ¼ W, Din ¼ 4W, rup�ðoutÞ ¼ 0:25W,

rdown�ðoutÞ ¼ rup�ðinÞ ¼ rdown�ðinÞ ¼ 0. These three velocity

profiles, namely top hat pipe profile used by Martı́nez

et al.,31 fully turbulent pipe profile for a smooth pipe and

profile that is obtained by RANS simulation of a generic cor-

rugated pipe are compared in Fig. 10.

For a confinement ratio of Din=ðW þ rupÞ ¼ 3:2, in

Fig. 11 estimated dimensionless average acoustic source

power Psourceh i=ðqUavrgSp u0j j2Þ is presented as a function of

Strouhal number for these velocity profiles. A negative

Psourceh i indicates that in that range of Strouhal numbers

(SrWþrup
) the cavities act as acoustic sinks, which suppress the

whistling. A positive Psourceh i indicates that the cavities act as

acoustic sources, which is a necessary condition for whistling.

Here two ranges of Strouhal numbers (SrWþrup
) are observed

for which Psourceh i is positive. The lower (0.4< SrWþrup
< 0.8)

and the higher (0.8< SrWþrup
< 1.4) Strouhal number ranges

with positive average acoustic source power correspond to the

second and the third hydrodynamic modes, respectively. In

the second hydrodynamic mode there exist two vortices in the

cavity mouth and the traveling time of the vortex across the

opening is 1.25 oscillation period. Whereas for the third

hydrodynamic mode three vortices are present at the same

moment in the cavity mouth and a vortex takes 2.25 oscilla-

tion period to travel across the cavity.25 Experimentally

observed Strouhal numbers (Fig. 9) correspond to the second

hydrodynamic mode. It is clear that the peak-whistling

Strouhal number, where the highest acoustic source power is

registered, depends strongly on the velocity profile. With
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increasing boundary layer thickness, the peak-whistling

Strouhal number shifts to lower Strouhal numbers.

C. Estimation of peak-whistling Strouhal number

Considering the experimental data on corrugated

pipes,8,18,32 a correlation between confinement ratio Din=
ðW þ rupÞ and the measured peak-whistling Strouhal number

Srp�w has been proposed:7

Stp�w ¼ 0:58
Din

W þ rup

� ��0:2

: (13)

In Fig. 12 the proposed empiric formula [Eq. (13)] is pre-

sented. The peak-whistling Strouhal number obtained with

the Hummer (Fig. 9) also follows this trend.

In an earlier study by the authors,7 using the numerical

methodology summarized in Sec. IV A with a fully turbulent

velocity profile of a smooth pipe (Fig. 10—“smooth turb.”), the

peak-whistling Strouhal numbers were over-estimated by 10%

as shown in Fig. 12. As demonstrated in Sec. III C 1, by per-

forming RANS simulation of a corrugated geometry, a better

estimation of the measured velocity profile can be obtained

compared to a profile of a fully turbulent smooth pipe. Using

the average velocity profile obtained from the RANS simula-

tion of a generic corrugated pipe (Fig. 10—“RANS”), the same

simulations have been repeated in this study. The predicted

peak-whistling Strouhal number as a function of confinement

ratio Din=ðW þ rupÞ is also shown in Fig. 12. The numerical

model predicts the peak-whistling Strouhal number within an

accuracy of 2%. It is evident that by using a more realistic flow

profile, the numerical methodology produce much better esti-

mations of the peak-whistling Strouhal number. This excellent

agreement between the experiments and the numerical model

confirms the significance of the effect of mean flow profile on

the whistling behavior.

D. Estimation of whistling amplitude in a long
corrugated pipe

In Fig. 13 estimated normalized dimensionless

average acoustic source power ðDin=ðW þ rupÞÞ Psourceh i=
ðqUavrgSp u0j j2Þ for a single corrugation is given as a function

of perturbation amplitude u0max

�� ��=Uavrg for the three different

average velocity profiles given in Fig. 10 for a single cavity.

The simulations were performed at respective peak-

whistling Strouhal number of each profile, namely,

FIG. 11. Strouhal number plotted against dimensionless average acoustic

source power Psourceh i=ðqUavrgSp u0j j2Þ for a corrugated pipe with Din=

ðW þ rupÞ ¼ 3:2 and for a perturbation amplitude of u0max

�� ��=Uavrg ¼ 0:05 for

the three velocity profiles given in Fig. 10.

FIG. 10. Velocity profiles that are used as inlet boundary conditions. Thin

indicates the thin turbulent pipe profile used by Martı́nez-Lera et al.
(Ref. 31). “Smooth turb.” indicates a fully turbulent pipe profile for a

smooth pipe. RANS indicates a profile that is obtained by RANS simulation

of a generic corrugated pipe.

FIG. 12. Measured and estimated peak-whistling Strouhal numbers plotted

against confinement ratio, Din=ðWeff þ rupÞ. Power law fit [Eq. (13)] (Ref. 7)

to the 18 experimental points obtained from three earlier studies (Refs. 8,

18, 32). Data point of the Hummer. Numerical estimation by using two dif-

ferent velocity profiles given in Fig. 10: Numerical (smooth turb.) (Ref. 7)

and numerical (RANS).
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St
p�w
Wþrup

¼ 0:65 for thin, St
p�w
Wþrup

¼ 0:55 for smooth turb. and

Stp�w
Wþrup

¼ 0:50 for RANS.

It is seen that for all the profiles u0max

�� ��=Uavrg � 5� 10�3

is the saturation point of the shear layer. For perturbations

smaller than this the shear layer behaves linearly. Therefore,

acoustic source power grows quadratically with u0max

�� ��=Uavrg,

making the dimensionless average acoustic source power

Psourceh i=ðqUavrgSp u0j j2Þ constant. Above the saturation point,

nonlinearities become dominant and Psourceh i=ðqUavrgSp u0j j2Þ
starts to decrease with u0max

�� ��=Uavrg.

To estimate the amplitude of the whistling in a long cor-

rugated pipe an energy balance model is required. In a first

order approximation radiation losses at the pipe terminations

and convective losses due to vortex shedding are small

compared to the visco-thermal losses and can be neglected

in a long corrugated pipe. Then the energy balance is simpli-

fied to

2

p
Psourceh i ¼ Pvisch i; (14)

where Psourceh i is the time averaged acoustic source power

and Pvisch i is the time averaged power loss due to viscother-

mal losses, which is estimated for a single cavity as follows:

Pvisch i
qUavrgSp u0max

�� ��2 ¼ 1

2

ceffaPt

Uavrg

: (15)

The factor (2=p) in Eq. (14) takes into account the spatial de-

pendency of the acoustical velocity (u0) along a standing

wave.7 Assuming a quasisteady flow,33 the fluctuating pres-

sure drop is stated as follows:

dp0

dx
¼ qUavrgu0

4cf

Din
; (16)

where cf ¼ 1:78� 10�2 is the experimentally determined re-

sistance coefficient and related to the damping coefficient

for acoustic waves by

a ¼ Uavrg

ceff

4cf

Din

: (17)

Combining Eqs. (15)–(17), the normalized dimensionless

visco-thermal losses is estimated as ðp=2ÞðDin=ðW
þrupÞÞ Pvisch i=ðqUavrgSp u0j j2Þ ¼ pcf Pt=ðW þ rupÞ ¼ 0:065.

Which leads to a maximum perturbation amplitude of u0max

�� ��=
Uavrg � 0:45 (Fig. 13). Considering the experimental data of

u0max

�� ��=Uavrg ¼ 0:1, all the profiles lead to an overestimated

value.

It should be noticed that this approach has a fundamen-

tal drawback.7 The losses due to flow separation at each cav-

ity are implicitly included in the simulations. By introducing

the experimentally measured resistance coefficient (cf ) to

calculate the damping coefficient, this non-linear effect is

again taken into account in this approach. Also the model

neglects heat transfer losses.

V. RADIATION

Up to now the flow inside the Hummer has been

described. In this section the wave propagating from the open

ends of the tube towards a listener is considered. First the

theory is discussed, secondly the acoustic measurements are

presented and in the last part the measured sound pressure

levels are compared with the predictions from the theory.

A. Theory

The radiation from a Hummer can be modeled as a two

pulsating spheres (monopoles) at the two open extremities of

the tube. Depending on the acoustic mode (standing wave,

n ¼ 1; 2; 3; :::) they pulsate in phase or in opposite phase.

The strength of these monopoles is estimated for a given

acoustic mode as

Qn ¼ u0nSp ¼
u0n

Uavrg

UavrgSp ¼
u0n

Uavrg

XnRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4cf

L
Din

q Sp; (18)

where u0n=Uavrg � 0:05 is determined from the measurements

(Fig. 9) and the average velocity is estimated from Eq. (8).

Here Sp and R are cross-sectional area and the radius of the

rotation of the Hummer, respectively. As shown schemati-

cally in Fig. 14, because of the swinging motion the Hummer

bends. Thus, the radius of the rotation of the Hummer is

smaller than the length of the Hummer (R � L). Knowing

the Strouhal number from Fig. 9, the rotation speed Xn can

be estimated as follows:

Xn ¼
fnðW þ rupÞ

SrWþrup
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4cf

L

Din

r
: (19)

As indicated in Fig. 14 the location of the fixed monopole

(S1), the hand hold side of the Hummer, is taken as the origin

of the space ~xs1 ¼ ð0; 0; 0Þ. Then the location of the rotating

FIG. 13. Perturbation amplitude u0max

�� ��=Uavrg is plotted against normalized

dimensionless average acoustic source power ðDp=ðW þ rupÞÞ Psourceh i=
ðqUavrgSp u0j j2Þ for the 3 velocity profiles given in Fig. 10. The confinement

ratio is the same for all simulations Din=ðW þ rupÞ ¼ 3:2.
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source (S2) is defined as ~xs2 ¼ ðR cosðXnteÞ;R sinðXnteÞ; hsÞ.
Here te is the emission time of the rotating source, S2, and it is

related to the time t at which the wave reaches the listener by

t ¼ te þ
~x�~xs2ðteÞj j

c0

; (20)

and hs is the vertical distance between the rotating and fixed

sources. Experiments have been performed in a semi-

anechoic chamber, where the floor is reflecting. Reflections

from the ground can be modeled by method of images.34 The

listener will hear a superposition of the direct waves from

sources S1, S2 and the reflected waves, coming from the image

sources S1img, S2img. Using a quasi-steady approach, in which

the position of the moving source (S2) is parametrized as a

function of retarded time, the pressure field at the listener

position can be calculated, using the complex notation with

eixt convention as34

p̂ð~x;xnÞ ¼q0

ixnQn

4p
e�ikn ~x�~xs1j j

~x�~xs1j j þ
e�ikn ~x�~xs1imgj j
~x�~xs1img

�� ��
 !(

þð�1Þnþ1 e�ikn ~x�~xs2ðteÞj j

~x�~xs2ðteÞj j þ
e�ikn ~x�~xs2imgðt
eÞj j
~x�~xs2imgðt
eÞ
�� ��

 !)
;

(21)

where t
e is the retarded time of the rotating image source.

Here the wave number is estimated as

kn ¼
xn

c0

¼ 2pfn
c0

¼ pceff

c0nL
; (22)

where n is the mode number, c0 is the speed of sound, ceff is

the effective speed of sound [Eq. (9)] and L is the length of

the Hummer.

In the previous statement [Eq. (21)] for the pressure

field at the listener position, the effect of the Doppler shift

due to the rotating source is not incorporated. As explained

by Dowling and Williams,35,36 the sound field including the

Doppler shift that is generated by a moving monopole source

is given by

p0ð~x; tÞ ¼ q0

@

@t

QðteÞ
4p~x�~xsðteÞj j 1�MsðteÞj j

� �
; (23)

where ~x is the listener position, te is the retarded time, QðteÞ
is the source strength, and c0MsðteÞ is the component of the

source velocity in the direction of the observer. In the case of

the Hummer, by a superposition of the four sources of sound,

the following expression is obtained in the time domain:

p0ð~x; tÞ ¼ �xnq0Qn

4p

sin xn t� ~x�~xs1j j
c0

� �� �
~x�~xs1j j þ ð�1Þnþ1

sinðxnteÞ
1�Ms2ðteÞð Þ2 ~x�~xs2ðteÞj j

0
BB@

1
CCA

þ q0Qn

4p

ð~x�~xs2ðteÞÞ
~as2ðteÞ

c0

þ c0Ms2ðteÞ �
~vs2ðteÞj j2

c0

~x�~xs2ðteÞj j2 1�Ms2ðteÞð Þ3

0
BB@

1
CCA

þ�xnq0Qn

4p

sin xn t�
~x�~xs1img

�� ��
c0

� �� �
~x�~xs1img

�� �� þ ð�1Þnþ1
sinðxnt
eÞ

1�Ms2imgðt
eÞ
� �2

~x�~xs2imgðt
eÞ
�� ��

0
BBB@

1
CCCA

þ q0Qn

4p

ð~x�~xs2imgðt
eÞÞ 	
~as2imgðt
eÞ

c0

þ c0Ms2imgðt
eÞ �
~vs2imgðt
eÞ
�� ��2

c0

~x�~xs2imgðt
eÞ
�� ��2 1�Ms2imgðt
eÞ

� �3

0
BBB@

1
CCCA; (24)

FIG. 14. The schematic drawing of a Hummer in action with a listener.
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where the following definitions are used for the velocity of

the moving source and its image:

~vs2ðteÞ ¼
@~xs2ðteÞ
@te

; ~vs2imgðt
eÞ ¼
@~xs2imgðt
eÞ

@t
e
; (25)

the acceleration of the moving source and its image:

~as2ðteÞ ¼
@2~xs2ðteÞ
@t2

e

; ~as2imgðt
eÞ ¼
@2~xs2imgðt
eÞ

@t
2e

; (26)

and the Mach number of the moving source and its image:

Ms2ðteÞ ¼
~x�~xs2ðteÞ
~x�~xs2ðteÞj j 	

~vs2ðteÞ
c0

;

Ms2imgðt
eÞ ¼
~x�~xs2imgðt
eÞ
~x�~xs2imgðt
eÞ
�� �� 	~vs2imgðt
eÞ

c0

: (27)

The first model [Eq. (21)], which does not incorporate the

Doppler shift, is compared with the second model [Eq. (24)] in

Fig. 15. Estimated pressure amplitudes from these two models

p̂wout and p̂with for a listener position of ~x ¼ ð0:8m; 0; 0Þ are

given as a function of time for a single period of rotation

for the fifth mode (n ¼ 5). The first model can capture all the

amplitude modulations. As shown in the combined deviation

plot the relative difference, ðp̂wout � p̂withÞ=ðp̂withÞmax � 100,

between the predicted amplitudes is less than 10%. ðp̂withÞmax is

the maximum of p̂with over a rotation period.

In Fig. 16 estimated pressure amplitudes for listener posi-

tions of ~x ¼ ð0:8m; 0; 0Þ and ~x ¼ ð3m; 0; 0Þ are presented for

two cases, where the reflections from the floor are included

and not included. The calculations are performed for the third

mode (n ¼ 3) using the simple model [Eq. (21)]. It is seen

that for the listener position of ~x ¼ ð0:8m; 0; 0Þ the effect of

the reflections on the amplitude is not pronounced. In particu-

lar, reflections have no effect on the maximum amplitude

experienced by the listener at the moment when the Hummer

reaches the closest position to the listener (t ¼ 0; t ¼ 0:325).

This is simply because the rotating source (S2) dominates all

the other sources (S1, S1img, and S2img) at such a close distance

from the listener. At a listener position of ~x ¼ ð3m; 0; 0Þ the

effect of the reflections is notable. Reflections increase the

pressure amplitudes by 50% at the listener position. This is

due to the fact that at such a listener position, the distance

between the real sources (S1, S2) and the listener becomes

comparable to the distance between the imaginary sources

(S1img, S2img) and the listener.

From Figs. 15 and 16 it is concluded that the Doppler

shift does not have an essential role on the amplitude modu-

lation. It is primarily controlled by the interference of the

fixed (S1) and moving (S2) sources. Depending on the lis-

tener position the image sources (S1img, S2img) can also have

a very strong affect on the amplitude modulation.

There is an essential difference in the amplitude modu-

lation mechanism between a Hummer and a Leslie horn. In a

Leslie horn there exist only one monopole source.37 Thus,

the amplitude modulation depends on the presence of reflec-

tions.38 In the Hummer, however, as discussed the reflections

are not a necessary condition for the interference pattern.

B. Experiments

Experiments were performed in a semi-anechoic room

with a reflecting floor. The chamber has a volume of 100m3

and a cut-off frequency of 300 Hz. As schematically shown

in Fig. 14, the Hummer was played by swirling it in a circu-

lar motion above the head of the performer roughly keeping

the moving termination in a horizontal plane. The sound

pressure level was recorded by means of two microphones

(Brüel & Kjær type 4133 and 4165). One of the microphones

was held by the Hummer player close to the pipe termination

FIG. 15. Estimated pressure amplitudes for a listener position of

~x ¼ ð0:8m; 0; 0Þ for the fifth mode n ¼ 5 for a single period of rotation for

two models: without Doppler shift [p̂wout, Eq. (21)] and with Doppler shift

[p̂with, Eq. (24)]. Relative difference is ðp̂wout � p̂withÞ=ðp̂withÞmax � 100. Radius

of rotation is R ¼ 0:8L.

FIG. 16. Estimated pressure amplitudes at listener positions of

~x ¼ ð0:8m; 0; 0Þ and ~x ¼ ð3m; 0; 0Þ for the third mode n ¼ 3 for two periods

of rotation: with (with images) and without (without images) taking the reflec-

tions from the floor into account.
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by holding the microphone and the Hummer together in the

same hand. The microphone was placed against the tube

3 cm from the opening. This microphone will be referred as

hand microphone. The second microphone was held by the

listener at various distances from the performer, which will

be referred as the distant microphone. The performer played

approximately 15 seconds at each mode, while it was

recorded simultaneously by the two microphones. The per-

former was also recorded by means of a video camera, which

was used to estimate the rotation speed Xn, the radius of the

rotation R, and the vertical distance hs between the rotating

and the fixed sources.

In Fig. 17 the signals obtained from the hand and the

distant microphone are shown when the performer was play-

ing the 3rd acoustic mode for a duration of two periods of

rotation. The distant microphone was 0.8 m from the per-

former. The signal from the distant microphone shows a

very strong amplitude modulation while the hand micro-

phone displays a weak modulation. The amplitude modula-

tions observed at the hand microphone is an indication of

non-constant rotation velocity Xn during the performance.

The amplitude modulation of the distant microphone is dis-

cussed in the next section.

In Fig. 18 the same signals (Fig. 17) are presented in the

Fourier domain. The sound pressure level (SPL) recorded in

the vicinity of the fixed source was around 115 dB and 70 dB

at a distance of 0.8 m from the performer. It is clear that the

spectrum is dominated by the fundamental oscillation fre-

quency fn ¼ 637 Hz, corresponding to the third acoustic

mode (n ¼ 3) and its exact multiples at m fn ðm ¼ 1; 2; 3; :::Þ.
These higher harmonics are due to the non-linear saturation

mechanism, which limits the amplitude of the oscillations16

(Sec. IV D).

In Fig. 19 frequency spectra are plotted against sound

pressure levels for the 3rd and 5th acoustic modes around

their respective fundamental oscillation frequencies (whis-

tling) both for the hand and the distant microphones (0.8 m).

An obvious difference between the pressure recorded by the

hand microphone and the distant microphone is the width of

the peaks in the spectrum. The signal from the hand micro-

phone has a sharp peak. The signal from the distant micro-

phone, however, has a rather broad peak. This is due to the

Doppler shift and is also observed for the Leslie horn.37,38

During a rotation when the Hummer is moving toward the

microphone it creates a side peak at a higher frequency than

recorded at the hand microphone, and vice versa when it is

moving away from the microphone. It is also evident that

these two side peaks are not exactly symmetric with respect

to the center peak, particularly for the 3rd mode, which indi-

cates that the rotation velocity towards and away from the

microphone is not the same. The width of the broad peaks

are 40 and 120 Hz for the 3rd and 5th acoustic modes,

respectively. The relative Doppler broadening reaches

Df=f ¼ 6% which corresponds to half a tone. Therefore it is

perceptually quite important.

C. Comparison

In this section the signals that are obtained from the

experiments are compared with the estimated signals from

the theory [Eq. (24)]. In Fig. 20 and Fig. 21 measured and

estimated pressure amplitudes for the listener positions of

~x ¼ ð0:8m; 0; 0Þ and~x ¼ ð3m; 0; 0Þ are given as a function of

time during two periods of rotation for the modes of n¼ 3, 4,

and 5, respectively. For ease of comparison the peaks in the

pressure modulation are indexed.

First, it should be mentioned that for the same mode n)

the period lengths of the signals are not the same for the lis-

tener positions of 0.8 and 3 m. This is due to the fact that the

signals were obtained from two different experiments. As

demonstrated in Fig. 7, the whistling occurs for a range of

velocity within a specific mode. Thus during the experi-

ments, although the Hummer was whistling at the same

mode, the rotation speeds (Xn) were not the exactly the

same. Secondly, it should be noted that for the calculation of

the signals from the theory, the rotation speeds (Xn) obtained

from the respective experiments are used instead of the ones

obtained from the theory [Eq. (19)]. Theory overestimates

Xn by � 30%.

An apparent difference between the measured and the

estimated signals is the lack of symmetry between the first

and the second half of the rotation period. Due to the non-

constant rotation velocity (Xn) during the performance,

recorded as small fluctuations in the signal from the hand

microphone (Fig. 17), there exist an asymmetry between the

first and the second half of the rotation period for all the

measured signals.

The Hummer produces radiation patterns similar to the

ones observed in flue organ pipes as explained by Fletcher and

Rossing.16 This is due to the fact that ceff � c0, so that the two

radiating monopoles are at a distance from each other smaller

than ðnk=2Þ, where n is the acoustic longitudinal mode and k is

the wave length. In organ pipes the same effect (end correction)

is due to the inertia of the flow through the pipe mouth.16 Dur-

ing the performance the Hummer creates an amplitude modula-

tion at a listener position due to the rotation of these radiation

patterns. It is seen that the estimated signals from the theory
FIG. 17. Signals from the distant microphone (0.8 m) and the hand micro-

phone for the 3rd acoustic mode for two periods of rotation.
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globally resembles the measured signals. The model captures

most of the modulations. It is noticeable that the estimations of

the model for the listener position of~x ¼ ð0:8m; 0; 0Þ is better

than the~x ¼ ð3m; 0; 0Þ considering both the shape of the signal

and the levels of the pressure fluctuation amplitudes. This is

probably due to the fact that at such a close distance from the

source the radiation is dominated by the real sources (S1; S2).

At a further distance, however, not only the reflections from the

floor but also other reflections from the walls that are not

included in the model can be substantial.

In Fig. 22 the frequency spectra are plotted against sound

pressure levels for the 3rd and 5th acoustic modes around

their respective fundamental oscillation frequencies for a

microphone position of~x ¼ ð0:8m; 0; 0Þ (presented in Fig. 19)

together with the estimation of the theory. For the 3rd acoustic

mode, the theory agrees very well with the experiment except

that there exist a stronger central peak in the theory. Since the

theory assumes constant rotation speed Xn, a central peak

appears which is symmetric with respect to the side peaks

appearing due to Doppler shift. The energy of the central peak

comes from the fixed source (S1) and from the rotating source

(S2) when its trajectory is not dominated by motion either to-

ward nor away from the microphone. For the 5th acoustic

mode the theory slightly underestimates the whistling fre-

quency (� 10 Hz) and the width of the peak (� 115 Hz) com-

pared to the experimental values.

VI. DISCUSSION

A. Missing fundamental

A commonly observed phenomenon in short corrugated

segments, e.g., Hummer, is the absence of whistling for the

fundamental mode.3,4,18,26,28,39 As addressed in Sec. III C 5,

the flow is probably already turbulent for the velocities

where the fundamental mode is expected. Thus, it is

concluded that the absence of the missing fundamental is not

related to the lack of turbulence as suggested in the

literature.3,28

Experiments on the localization of the region of sound

production in corrugated pipes have shown that the contribu-

tion of each cavity is not the same.8,12,13 It was demonstrated

that the sound production is dominated by the cavities which

are in the proximity of the acoustic pressure nodes of the

standing wave along the main pipe. Considering the funda-

mental mode, there exist only two pressure nodes: one at the

inlet and one at the outlet. Furthermore, a Hummer often has

a smooth pipe segment of a few centimeters at its inlet, used

to hold the pipe (Fig. 1), thus considerably decreasing the

sound production capacity of the inlet section.

The developing velocity profile is another aspect that

hinders the whistling for the fundamental mode. At the inlet

of the Hummer a rather flat velocity profile (Fig. 10—thin)

approaches to the corrugations, whereas at the outlet of the

FIG. 18. Frequency spectrum plot-

ted against the sound pressure level

both for the distant microphone

(0.8 m) and the hand microphone for

the 3rd acoustic mode.

FIG. 19. Frequency spectrum plot-

ted against sound pressure level for

the 3rd and 5th acoustic modes both

for the hand and the distant (0.8 m)

microphones.
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pipe a fully developed velocity (Fig. 10—RANS) reaches

the corrugations. As explained in Sec. IV B, different veloc-

ity profiles promotes different peak-whistling Strouhal num-

bers (Sr
p�w
Wþrup

). For these two velocity profiles a difference of

50% in peak-whistling Strouhal number is predicted by the

theory, as shown in Fig. 11. Thus, the source region at the

inlet does not cooperate with the source region at the exit.

For these reasons the total sound source is rather weak

for the fundamental mode compared to the higher modes. As

a consequence the losses [Eq. (15)] become large compared

to the acoustic sources and the system remains silent. This

corresponds to an overshoot in Fig. 13, where the acoustic

losses (horizontal line) do not intersect with an acoustic

source line.

B. Effect of bending

One of the marked advantage of corrugated pipe is its

ability to bend while keeping its rigidity. Thus, in various

industrial applications corrugated pipes are used in a bent

form. An experiment was performed with a Hummer to

explore the effect of bending. The Hummer was bent at

a ¼ 35� in a horizontal plane, as shown in Fig. 2. The length

of the first and the second straight segments were 410 and

185 mm, respectively. In Fig. 23 measured velocity profiles

for the bent and straight Hummer are presented.

It is clear that bending has a significant effect on the ve-

locity profile even after a straight segment of 26 corrugations

(185 mm). This is in agreement with the numerical simula-

tions mentioned in Sec. III C 1, from which it is concluded

that it takes 50 corrugations for the flow to reach a fully

developed velocity profile.

A surprising result is that the Hummer, which was whis-

tling (3rd acoustic mode) when it was straight, became silent

in the bent configuration. A possible explanation could be

found in the effect of the velocity profile on the whistling.

Different velocity profiles promotes different peak-whistling

Strouhal numbers as explained in Sec. IV B. Due to bending,

the velocity profile approaching cavities of the Hummer is

different on each side of the bend.

Consequently they have different peak-whistling

Strouhal numbers and might not cooperate. Thus, they can-

not produce the necessary acoustic source power for the

whistling.

Although the Hummer bends during a performance due

to the swinging motion, it keeps whistling. This suggest that

there are more parameters involved, e.g., the angle of bend-

ing, the radius of bending, the source location with respect to

the bend, etc. The importance of bending in corrugated pipe

has, to the authors knowledge, not yet been addressed in the

literature.

C. Uncertainties in the radiation model

In Sec. V A an acoustic model is proposed to estimate

the radiation from a Hummer at a given listener position.

FIG. 20. Measured pressure amplitudes for listener positions of~x ¼ ð0:8m; 0; 0Þ and~x ¼ ð3m; 0; 0Þ as a function of time during two periods of rotation for the

modes of n¼ 3, 4, and 5.
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The model, Eq. (24), uses a number of parameters with a no-

ticeable range of uncertainty. Here these parameters are

listed with respective values and the way that are estimated

or assumed. It should be noted at this point that these param-

eters were not modified intuitively from one case to another

to force a better agreement with the experimental data. The

aim of the radiation study is to see how much a simple model

can explain the phenomena appearing in a real performance.

The radius of rotation (R), as shown in Fig. 14, is not the

same as the length of the Hummer (L). By using camera

recordings, the radius was estimated as 80% of the pipe

length for all the modes. This is a rather crude approxima-

tion. It is evident from the movies that with increasing mode

number, the radius of rotation was increasing. It was, how-

ever, not included in the model.

The vertical distance between the fixed source (S1) and

the moving source (S2) was taken as hs ¼ 20 cm for all the

modes, again based on the camera recordings. Similar to the

determination of radius of rotation (R), this is a first order

approximation and the change with the mode number is not

included.

The hand holding the tube forms a flange for one of the

pipe termination. This can affect the sound radiation of the

fixed source, resulting in an asymmetry between the two

sources. This is also not included in the radiation model and

is a subject for further research.

FIG. 22. Frequency spectrum plot-

ted against sound pressure levels

for the 3rd and 5th acoustic modes

for a microphone position of ~x
¼ ð0:8m; 0; 0Þ both measured and

estimated from the theory.

FIG. 21. Estimated pressure amplitudes from the theory [Eq. (24)] for listener positions of~x ¼ ð0:8m; 0; 0Þ and~x ¼ ð3m; 0; 0Þ as a function of time during two

periods of rotation for the modes of n¼ 3, 4, and 5.
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It was assumed in the model that the rotating source (S2)

remains in a horizontal plane during all the performance.

Yet it was apparent from the video recordings that the plane

of rotation was tilted from the horizontal plane and did

not preserve the same angle throughout the performance.

Besides the non-constant rotation velocity (Xn), this is

another cause of the asymmetry observed between the first

and the second half of the period for the measured signals.

The listener positions~x ¼ ð0:8m; 0; 0Þ and~x ¼ ð3m; 0; 0Þ
are simply the position of the audience holding the micro-

phone at the level of the fixed source (S1) during the perform-

ance of the Hummer player. As a consequence the spatial

position of the microphones are also prone to a significant

uncertainty (610 cm).

VII. CONCLUSION

In this study the sound generation in short corrugated

segments used as a musical toy, e.g., Hummer, and the

associate sound radiation is investigated experimentally,

numerically and analytically.

Using the effective speed of sound (ceff) definition,18 the

whistling frequencies (fn) in a corrugated pipe can be pre-

dicted within 4% (Fig. 8).

Velocity profiles measurements reveal that the fully tur-

bulent velocity profile developed in a Hummer has a notice-

ably different shape than the one of a smooth pipe (Fig. 4).

Applying a numerical methodology7 based on incom-

pressible flow simulations and vortex sound theory together

with a representative velocity profile in a corrugated pipe,

excellent predictions of the whistling Strouhal numbers are

achieved (Fig. 12). The numerical approach combined with

an energy balance can be used to estimate the acoustic fluc-

tuation amplitudes in corrugated pipe segments, however,

it should be improved before being used as a quantitative

tool for the prediction of the pulsation amplitude. An accu-

rate prediction of the whistling amplitude remains as a

challenge.

Experiments indicate that the Hummer can remain silent

even if the flow is turbulent. Thus, it is concluded that the

absence of whistling is not related to the lack of turbulence

as it has been suggested in the literature. The reason for the

absence of the fundamental mode in short corrugated pipes

is likely due to the lack of cooperation between the acoustic

sources at the inlet and the outlet of the pipe resulting from

the difference in the mean velocity profile.

An analytical radiation model is proposed in which the

Hummer is modeled as two pulsating spheres: one is fixed

and the other one is following a circular pattern in a horizon-

tal plane. The model takes the reflections from the floor into

account, which appears to be essential (Fig. 16). The acous-

tic model can predict the sound pressure level within 3 dB

and the observed frequency at the listener position. The

model can also predict qualitatively the amplitude modula-

tion observed in the experiments (Fig. 21). It is also con-

cluded that the amplitude modulation is mainly due to the

interference between the sources.

The Doppler shift due to the rotation of the pipe outlet

has a minor effect on the amplitude modulation. It has, how-

ever, a pronounced effect on the frequency, which is increas-

ing with the increasing mode number (Fig. 20). This effect is

comparable to that observed in a Leslie horn and is expected

to be perceptually important.

A strong effect of bending on the whistling of a corru-

gated pipe has been observed, which calls for further research.
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national Conference on Flow-Induced Vibration, Institute of Thermome-

chanics, Prague, Czech Republic, 2008, p. 6.

FIG. 23. Measured velocity profiles.

764 J. Acoust. Soc. Am., Vol. 131, No. 1, Pt. 2, January 2012 Nakiboğlu et al.: Aeroacoustics of the swinging corrugated tube
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