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The flute as an example of flue instruments is investigated for its properties of the jet-labium interaction
at 1kHz. The jet and the externally excited acoustic flow in the embouchure especially near the labium
is recorded with endoscopic Particle-Image-Velocimetry. The data allows to calculate the vortex sound
according to M. Howe (1975) by extracting the vorticity. The far field acoustic power of the flute is
measured as well and compared with the vortex sound power which matches in sign and magnitude up
to a factor 2 for different sound levels. The non-trivial interpretation of the sound production is based on
the near cancellation of the two vortex layers of the jet along its path except near the labium. In order to
gain insight of the interplay of the different ingredients of the vortex sound power the coriolis force, the
acoustic field and their phase relation are determined. A comparison with recently available numerical

simulations (ISMA 2007) is discussed.

1 Introduction

The acoustic property of the flute has been investigated
by N. Fletcher [1] and J. W. Coltman [2] with respect to
the sound production mechanism. Basically the driving
force for the excitation of the standing wave of the res-
onator is considered to be either the volume flow model
of the jet resulting in the momentum transfer in the
flute’s body [1] or by the momentum transfer through
the pressure difference in the region of the labium [2].
In the paper of M. Howe [4] the radiation of sound is de-
scribed by the vortex sound term based on earlier pub-
lications by A. Powell [3]. Essentially the laminar jet
develops an instability which leads to exponentially in-
creasing transverse excursions between the flue formed
by the lips and the labium. The interaction of the jet
with the acoustic field near labium is described as a vor-
tex convecting towards the labium and experiencing a
Coriolis force. The presence of an acoustic field leads to
a power delivering energy to or absorbing energy from
the radiation field.

With the advent of the PIV a detailed measurement of
the jet becomes feasible. Especially in the spatially con-
strained situation within the chimney of the embouchure
the endoscopic PIV allows precise measurements of the
vorticity. The measurement of the acoustic field in a
standalone experiment completes the data in order to
derive the power of the source term. In spite of ideal-
ising assumptions the power of radiation can be related
quantitatively with the source term.

The aim of this contribution is the measurement of the
phase shift between the Coriolis force and the acoustic
field as a function of the jet speed.

2 Experimental setup

The flute is operated through an artificial mouth formed
of silicon cautchouc with a flue inserted between the lips,
see Fig. 1. The opening is chosen for normal operation
of the flute to be 0.9mm - 9.5mm. Compressed air is
loaded with ~ 10p diameter droplets for the visualisa-
tion. The blowing pressure in the mouth is measured
with a pressure gauge.

The PIV system is composed of a twin head NAYAG
laser, a double exposure video camera and a timing con-
trol. The endoscope of 4 mm in diameter is inserted into
the chimney of the embouchure. The first lens of the op-
tics is positioned flush to the blow hole. The optics is
attached through an adapter onto the lens system of the
video camera. The fish eye type of picture covers the flue
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exit and the area near the labium which is positioned at
a distance of about 5mm from the flue. This way the
flow near the upper surface of the labium as well as near
the lower surface of the edge can be recorded.

Figure 1: View of the embouchure along the laser light
direction. The light sheet illuminates the vertically the
center of the flue-embouchure system. The endoscope
optics is positioned on the right side about 5mm from
the center. At the bottom a mirror reflects the laser light
through a window on the flute head onto the region below
the labium.

The flute body is replaced by a polymer substitute es-
sentially to ease the external excitation of the standing
wave for the measurement of the acoustic field in the
embouchure. The reference microphone is inserted at
the position of the Gis key as a timing trigger and for
the absolute pressure p,.s measurement of the stand-
ing wave. The excitation of the acoustic wave in the
resonator is created with a sine-wave generator and a
speaker-exponential horn system weakly coupled to the
flute body. The horn remains for all the measurements,
it barely affects the impedance of the resonator. The
flute is operated at d3 with 1150 Hz. For the range of
operation the content of higher harmonics is sufficiently
small.

A box shaped confinement volume with transparent plas-
tic foils serves for the homogenization of the seeding.
The light sheet of the lasers is perpendicular to the flute
axis. The laser pair is triggered by the microphone with
pulse distances of 2us for the jet velocity field, and of 5
to 10us for the acoustic field. A part of the light sheet
is reflected on a bottom mirror via a glass windows into
the interior of the flute head illuminating the area below
the labium.



3 Data taking

The data taking is triggered at a chosen phase, 16 per
period of 870 us for typically five shots. The phase is
changed through the delay of 1/16 of the period. The
evaluation is done with the VidPIV acquisition program.
The correlation is evaluated in overlapping pixel areas
corresponding to an interrogation area of 32 - 32 pix-
els. The displacement is 16 pixels producing a halfway
overlap with the neighbouring interrogation areas. The
resulting distance of the interrogation areas corresponds
to ~0.25 mm. For the measurement of the acoustic wave
the air flow with the seeding was switched off during the
exposure.

The mouth - embouchure geometry is adjustable in this
experiment. The distance between the flue exit and the
labium and the transverse displacement is steered by
micrometer screws. The angle of attack can be chosen
by the rotation of the flute around its axis. Moreover
the coverage of the blow hole has to be about 40 - 50%.
By changing the blowing pressure the flutist optimizes
the efficiency and the tone quality by changing the ge-
ometry. In this scan however going from low to high
blowing pressure it was tried to avoid unwanted system-
atics. Therefore the setting of the geometry was not
changed.

The values for the operation of the flute for the data
set and the main results are given in Table1. The first
column lists the maximum value of the jet speed deter-
mined by the PIV. The second column is the calculated
power delivered to the system by the jet. The third col-
umn is the pressure in the resonator measured by the
calibrated microphone, in order to relate the free field
measurement with the actual condition. In the 5th col-
umn the free field power is quoted.

Pj DPres onr >0 Pfree

Pyor

Pfree
(%] | mW] | [Pa] [mW] [mW]
19 2543 50+3 | 0.1840.01 | 0.1040.01 1.84
20 29+4 67+4 | 0.21£0.01 | 0.1840,02 | 1.14
22 3945 93+5 | 0.5840.02 | 0.354+0.04 | 1.65
26 64+9 | 126+£7 | 1.294£0.04 | 0.64+0.07 | 2.02
28 | 76+11 | 14048 | 1.614+0.05 | 0.78£0.09 | 2.05

Table 1: Average values of flute operation and the results

4 Evaluation of the data and eval-

uation of the vortex sound power

The velocity field is displayed for a jet velocity of 22m/s
in Fig. 2, upper part. The lips with the flue are at right
border, above the jet is outside and below inside the
flute. The shape of the labium seen as a wedge at the
upper part. At this speed the jet is mostly laminar. At
a finite thickness of the jet two shear layers of opposite
vorticity & are formed, see Fig. 3, upper part. The cur-
vature of the oscillating jet changes for upwards moving
jet and downwards moving jet. This in turn affects the
net vorticity as a function of time within a period if the
spatial integration is done. Note that at this phase the
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Figure 2: Upper part: Velocity field of the flute at

1150Hz and jet velocity of 22m/s. The jet is moving
up. Lower part: Acoustic field, the arrows are scaled up
for clarity.

vortex shedding is observed at the lower left corner in-
side the flute below the labium as it is the case for the
outside half a period later.

For the following discussion the main component of the
source term according to M. Howe [4] is needed:

(1)

with the Coriolis force density ﬁor, the density of air
pair and the vorticity J. The vector pg(&d X ﬁjet) is
plotted on top of the vorticity. Its main component is
vertical as can be seen.

fcor = *,Uair(b‘j X ﬁ‘et).
J

In the following the acoustic field ¥, is the second im-
portant factor. It is displayed for the same phase in
Fig. 2, lower part. The field is dominantly vertical
through all phases at the region covered by the jet.

According to Howe the instantaneous power density is
proportional to wa - Uge- The integral over the volume
of the embouchure will result in an instantaneous power.
Note that the different parts of the jet, especially upper
and lower shear layer are added here coherently.

Finally the power is averaged over one cycle and yields
the total power:

Pyore =1/T / (foor - Uae)dV dt. (2)

The integrand, namely the power density is displayed in
Fig. 3, lower part. The integration results in a positive
net power in the region near the labium. For a phase
180° apart there is a positive curvature of the jet, there-
fore the net vorticity and the net Coriolis force switches
the sign, as well as the acoustic field: The integration
results again in a positive value. Within the period of
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Figure 3: Upper part: Vorticity of the jet in a rain-
bow colour code (blue = negative, red positive; the upper
layer is here negative, the lower layer is positive) and the
Coriolis force visualised as superimposed arrows. Lower
part: The power density as a product of the Coriolis
force and acoustic field (the upper layer is negative also).
The net power is positive at this phase.

870 ps the double peak structure of the instantaneous
power. This corresponds to a push-pull action in a quasi
symmetric configuration of the labium-jet system.

For the power evaluation the measured effective span-
wise extension of the jet of 6 mm in (2) is used. We take
the convention that a positive net power of the system
delivers acoustic energy. Coherency is the main reason
for the small efficiency of the free field power of the or-
der of few percent of the input power. It obvious to
compare this quantity with the free field acoustic power
of the flute taken at the same reference pressure. There
is an agreement within a factor two, see column 8 of
Tab. 1.

Considering an integration area larger than the jet thick-
ness there is a net vorticity, which changes the sign twice
within a period. Considering for this reasoning the ver-
tical components only, the scalar product of the net
Coriolis force and the acoustical field may be positive
or negative depending in general on the phase shift be-
tween the two quantities. For the flute it turns out that
the product is predominantly positive over the period
T, see [6, 7]. In order to evaluate the phase shift the
Coriolis force may be approximated by the fundamental
as it is done for the acoustic field.

It is interesting to determine the phase and the phase
shift as the power is increased.
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5 Evaluation of phase relationship
between position of the jet, the
Coriolis force with respect to
the acoustic field
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Figure 4: Upper part: The phase shift as between the
transverse jet position and the acoustic phase. Lower
part: The integrated Coriolis force density (vertical com-
ponent) in the same region and the acoustic field.

In the following the plot of the position of the jet and
the net Coriolis force as function of the time within a
period is investigated. In Fig. 4 the phase determination
is done by fitting the fundamental to the above quanti-
ties and the acoustic field. The phase difference is ® is
based on the definition that the acoustic field is fit with
x sin(wt + ®). & <0 means a trailing acoustic field,
® >0 the acoustic wave is advanced with respect to the
quantity investigated. The vertical position of the jet
is readily available from the data. As can be seen the
acoustic phase is +6543°. For comparison with simula-
tions and in order to be conform with definition of the
phase shift of the jet position with the negative displace-
ment of the acoustic field the phase is converted.

In the light of the underlying physics other quantities
are more appropriate. This is done by fitting the fun-
damental onto to the Coriolis force which are integrated
over an area just in front of the labium, where most of
the power is produced, see the Fig. 4, lower part. Here
the acoustic field is trailing by about -50°. In Tab.2
the phase is given for the position of the jet in the 4th
column, the converted angle with respect to the acous-
tic displacement in the 5th column and for the Coriolis
force in the 6th column at different jet speeds.

A plot of the converted angle of the jet position with
respect to the negative acoustic displacement is shown in



Fig. 6, upper part. Here the continuous line shows a fit
to simulated data [8]. The data show a fair agreement.

In order to quantify the trend a plot of the phase shift
as a function of the measured vortex power is made. A
seemingly linear behaviour is fit by a straight line, see as
an example the coriolis force in Fig. 5, upper part. The
slope is about -22°/mW. A similar slopes is observed
in the case of jet position, see Tab. 2, bottom row. This
is a sizable effect at a dynamic range of the power of
almost one order of magnitude. Since it starts at low
power already with an offset of -25° one might think
that the effect gives rise to a saturation of the source
term beyond 2 mW.
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Figure 5: Upper part: Phase shift of the jet position with
respect to the negative displacement of the acoustic field,
see [8]. Lower part: Phase shift of the Coriolis force as
a function of the power.

ijet St?“d P’UOT (I)pos—ac q)ad—pos (I)corf—ac
(2] [mW] ] [rad/x] ]
19 0.30 | 0.184 | +88+11 | -0.99+0.06 -25+4
20 0.29 | 0.205 | +82+4 | -0.9640.02 -27+3
22 0.26 | 0.58 +73+3 | -0.91£0.02 -324£5
26 0.22 1.29 +65+2 | -0.86+0.01 -50+3
27.5 0.21 1.61 +46+5 | -0.75+0.03 -57+4
[ d®/dP | \ | 1943 | -22+3

Table 2: Phase of flute operation at different jet speeds.
The Strouhal number Strq = fd/Uje:, the power Pyory,
the phase shift and slope of the respective quantity are
listed.
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6 The vortex sound and its inter-
pretation

The determination of acoustic sources is carried out with
the scalar product of the coriolis force and the acoustic
field. Since the wave length of the acoustic field (~0.3
m) is much larger than the integration volume (1 cm?)
the phases of the contributing elements matter. This
corresponds to a coherence situation often encountered
in the physics of radiation. For flutes, and supposedly
for many flue instruments in general, one encounters
shear layers of opposite vorticity next to each other and
therefore produce a near cancellation after integration
of the relevant volume. In the case of the flute, at least
for the investigated regime of operation, the difference
of the power density of the shear layers is orders of mag-
nitude larger than the net power after integration. As
a result the vortex sound power is two orders of magni-
tude smaller than the power delivered to the system by
the jet.

Consideration for vortex sound power.

1. As can be shown by converting a double cross
product into a sum of scalar products the coriolis
force expression can be cast into a pressure dif-
ference across the jet which delivers work by the
displacement in the acoustic field per unit time.
This might serve as as alternative interpretation
of the vortex sound power. This explanation is
commonly alluded to the Magnus effect in text-
books.

2. Having an energy producing mechanism near the
flue it would have to be added to the excitation
of the standing wave of the resonator. Since the
quantity is much smaller than the energy trans-
ferred as the jet enters into the pipe, the total
power balance is not really affected in the regime
investigated here.

3. The discrepancy of a factor ~2 between the vortex
power and the free field power has two aspects.

e The acoustic field at the embouchure in this
experiment was checked for its content of vor-
ticity. It was found to be small.

However there might be a yet undetected vor-
tex of energy absorbing nature at a scale length
not accessible with the present setup. Indeed
the spatial resolution is limited by the inves-
tigation area to about 0.2 mm. This is es-
pecially true at the borders of the labium.
Through convection of such an object drifts
away from the borders, it would become even-
tually visible. Notwithstanding it would be
integrated over for the final result on this part
of its trajectory.

e There is of course still a radiation contribu-
tion from the end correction of the standing
wave leaking into the free space at the open
end of the resonator. This would be also con-
sidered as a coherent source.

4. Such power absorbing processes by vortices in tubes
are known from the literature [9, 10]. They are
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called nonlinear terms of interaction with the ra-
diation field. More recent investigations by D.
Skulina are confirming these results to great ex-
tend [11]. This allows an estimate of the contribu-
tion also for this experiment. Taking the ratio of
the impedances Z,,; normalized by Z. of the tube a
general dependence may be cast into the following
form

Zu)Ze =B+ M - (Sty)/? (3)

with 3 between 0.6 and 1.0, the Mach number
Uge/c and St/ as a function of ug.. Taking the
acoustic amplitudes in this experiment ranging be-
tween 0.9 and 2.5 m/s this quantity amounts to be
<0.01. This seems to be on the safe side, however
it should be mentioned that there is a flow transi-
tion observed at about 2 m/s [11].

Summary

In summary it can be stated that

e The power determination of the flute through the

vortex sound sources are at low to moderate sound
pressure levels close to the free field radiation power
within a factor ~2.

At this stage of investigation a sizable modification
of this ratio due to nonlinear effects seems to be
unlikely.
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