Specific features of a stopped pipe blown by a turbulent jet
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Flute-like instruments with a stopped pipe were widely used in ancient cultures and continue to be
used in many musical expressions throughout the globe. They offer great flexibility in the input
control parameters, allowing for large excursions in the flux and in the geometrical configuration
for the lips of the instrumentalist. For instance, the transverse offset of the jet axis relative to the
labium can be shifted beyond the operational limits found in open-open pipes, and the total jet
flux can be increased up to values that produce highly turbulent jets while remaining on the first
oscillating regime. Some of the fundamental aspects of the acoustics and hydrodynamics of this
kind of instrument are studied, like the instability of the jet wave and the static aerodynamic
balance in the resonator. A replica of an Andean siku has been created to observe, through the

Schlieren flow visualization, the behavior of both excitation and resonator of the instrument.
© 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4953066]
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I. INTRODUCTION

Many flute-like instruments form pre-Hispanic Latin
America, especially those form the Andes region, share one
common attribute: a resonator with a closed end. The most
widespread species is the siku (also called zampona, a name
introduced by the Spaniards), and consists of several cylin-
drical stopped pipes attached together (Fig. 1). Its operation
is similar in principle to that of stopped tubes in organ pipes
or to that of Western panpipes. While the aesthetic emphasis
in Western music is placed mainly on the organization of
pitches, Andean musical excellence relies on the construc-
tion of a specific collective timbral texture which varies
depending on the specific local culture and the particular
type of festivity.! One key factor in the determination of this
texture is the ceremonial character of the music; performan-
ces take place in open spaces, which requires loud sounds.
Accordingly, pipes are blown with an extremely high jet
flux. This results in the development of turbulence, associ-
ated with a strong wideband noise, both of which determine
to a large extent the sound character of these instruments.

Most flute-like instruments whose sound production
mechanisms have been well studied have open-open resona-
tors and are commonly blown with laminar jets;> such is the
case of the transverse flute, the recorder, and some registers
of the organ pipe. Acoustics and fluid dynamics in stopped
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pipes have received comparatively little attention. In open-
open pipes, the jet oscillates around the labium while the
mean part of the entering jet (averaged over one period) indu-
ces a static flow through the pipe. Conversely, mass conser-
vation in a stopped tube requires that the mean part of the jet
flowing into the pipe must exit via the same place it entered:
the blowing end. This results in a static component of the
pressure gradient along the pipe and a subsequent steady
component of the flow directed cross-stream to the jet. The
jet flowing towards the labium crosses this area where it is
deflected by the interaction with the crossflow (Fig. 2).

In contrast to the laminar case, turbulence induces a
rapid spreading and slowing of the jet, which affects the
velocity of convection of the acoustic perturbations; more
specifically, it may affect the delay of convection of the
perturbations from the flue exit to the labium, an important
parameter for the auto-oscillation process.

FIG. 1. (Color online) Traditional cane siku composed of two rows of
stopped pipes of different lengths and diameters.
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FIG. 2. Idealized scheme of a stopped pipe. Part of the flow goes into the
resonator building up the pressure inside and creating a cross-stream that
comes out from the tube and interacts with the jet.

This paper is structured as follows. Section II presents
acoustic models in stopped pipes, including implications of
turbulent jets and jets in crossflow. Fluid dynamic and acous-
tic models are developed for the purpose of interpreting data
gathered from experiments on a laboratory replica of a siku.
Possible modifications of the traditional flute model are also
explored. Section III presents the experimental setup that
makes it possible to obtain flow visualizations and pressure
traces. Experiments are designed to test whether these types
of instruments allow a wider range of control parameters (jet
velocity, jet axis direction, and jet-labium offset) in order to
produce stable oscillations. The results of these experiments
are discussed in Sec. I'V.

Il. MODELING STOPPED PIPES EXCITED BY
TURBULENT JETS

While turbulent jets and some aspects of stopped pipes
have been studied independently, there is no evidence as to
how their combination would modify the behavior in real
instruments. Stopped-pipe instruments seem to tolerate a
wider range of jet velocities while remaining in the first
oscillating mode. Furthermore, it has been observed that the
joint effect of turbulence and the steady crossflow may alter
oscillations in the jet*” and its velocity profile.

Figure 3 shows a scheme of the instrument with the
variables describing its operation. The pressure difference
between the mouth of the flautist and the channel exit leads

FIG. 3. Schematic view of the excitation part of a siku. The jet emerges
from the “lips” at O, crosses the window of width W while being bent along
the jet centerline () by flow recirculation. The x-direction is defined as the
distance from the lip opening along the axis of the flue channel. The geomet-
rical blowing conditions are characterized by the offset y,; between the jet
axis and the labium, and the angle o between the jet axis and the pipe axis.
During the auto-oscillation, the jet centerline #(x,) oscillates around its
mean deviation (i) (x).
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to the formation of a jet. The air flows through the short flue
channel formed between the lips of the player and crosses a
window of length W before reaching the labium. In resonant
operation, this jet is perturbed by a transversal acoustic flow,
mostly at its flow separation points at the flue exit.> Due to
the intrinsic instability of the jet, this perturbation is ampli-
fied as it travels downstream. This results in the sinuous
motion of the jet wave being phase-locked to the acoustic
oscillations. When the wavy perturbation reaches the labium,
the separation of the jet into two flows with complementary
phases is usually described as an acoustic pressure source—
a driving force for the oscillation of the column of air inside
the resonator. The resonator amplifies the source near its res-
onant frequencies, creating the acoustic field, which closes
the feedback loop.

Sound production in flute-like instruments is commonly
modeled using lumped elements, where the interaction between
successive elements in the loop is assumed to be local. This
approach has been discussed in several papers and has been
verified by numerous experimental studies.®'® Accordingly,
our analysis is separated in two: the resonator and the excita-
tion. Finally, the implications of the interaction of the two
lumped elements in the real instrument are presented.

A. The resonator
1. Static pressure inside the pipe

A model for the static pressure build up in the pipe Ap is
developed based on mass and momentum continuity along
the pipe axis. For the analysis, a non-oscillating and invis-
cid—i.e., non-spreading—jet is assumed; the velocity profile
is considered to have a top-hat shape. A smoother velocity
profile would not fundamentally affect the following descrip-
tion, but it would result in a more complex set of equations.
Oscillations are removed by averaging out all quantities over
one period.

The flow entering the pipe over one period (Q;,)
depends on the total flow coming from the flue Qg = uyS;,
the section S;, = a5,/ coso of the fraction ¢ of the jet vol-
ume flux that enters the pipe, and the angle of the jet a:

<Q,'n> = JJ u-ds= O'Ll()Sj, (1)
Sin

with §; the section of the jet as sketched in Fig. 2.
The flux leaving the pipe due to recirculation is

<QAp> = SApuAp; (2)

where the velocity of the outgoing flux us, is assumed to be
uniform across the pipe cross section S,,;,., passing through the

jet. Considering the mass continuity equation (Q;,) = —(Qap)
yields
aS;u
ugy = = 3)
pipe

The momentum continuity equation along the pipe axis for
an incompressible flow is
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where F is the force exerted by the bottom of the pipe on the
fluid. Using Eqs. (1) and (3) and expressing the force as a
difference in pressure, relative to the surrounding pressure,
Ap = —F /Sy yields

A S \? S;
—p2—o< J ) (cosoc—a ] ) ®))
Polty Spipe Spipe

This rough estimation of the pressure build up at the
closed end will be compared to measurements introduced in
Sec. IV.

B. The excitation

It has been suggested” on theoretical grounds that the
fluid dynamic balance in stopped pipes produces an auto-
direction effect of the jet towards the labium. In other words,
there is no need to aim the jet sharply at the labium; this
makes it easier to produce a sound.

Just as in open-open tubes, the flow going into a stopped
pipe Q;, can be decomposed into its mean (Q;,) and oscilla-
tory Q;, components. However, in this case the mean flow
(Qin) should exit through the same place it entered: the
blowing end. This results in a crossflow with a static compo-
nent that interacts with the jet, and a static pressure build up
Ap at the closed end. Both aspects are analyzed in the
following.

1. Jets in crossflow

Jets in crossflow have been studied by a number of
authors'' ' in the context of their work on industrial appli-
cations. In the case of the siku, the crossflow is generated by
the jet itself and corresponds to the recirculation of the
injected mean flow (Q;,). The ratio r, defined as the jet cen-
tral velocity over the crossflow velocity, is greater than 1 for
the sikus, since the jet cross section is smaller than or equal
to the opening of the pipe.

For such a ratio, the flow might be slightly affected
(r > 1) or strongly perturbed (r ~ 1). In the latter case,
shear layers instabilities increase from the flow junction area
(near the nozzle exit) to an extremely unsteady flow area.'*
The development of the shear layer instabilities makes the
momentum of the jet and the crossflow—initially different—
to mix while traveling downstream. The shape of the flue
exit is also a crucial parameter that affects the development
of the shear layer instabilities,16 and thus the mean
deflection.

In most configurations found in the literature, the cross-
flow is assumed to be fully developed in a semi-infinite
space. Moreover, the literature is commonly interested in the
interaction of the jet with the grazing flow involving a fully
developed boundary layer. In the present case the boundary
the Reynolds number of the crossflow Re . ossrion = 0REjes
therefore the crossflow is expected to be mostly turbulent. In
the case of the siku, the geometry of the junction area is rela-
tively intricate and varies from one musician to another.
Moreover, the information usually studied, such as the
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modification of the jet velocity profile or the development of
different kinds of vortices, is not necessary for the level of
accuracy required by the present model. Hence, the effect of
the crossflow is assumed to be described only by a mean
deflection of the centerline (1) on top of which oscillations
i take place. Thus, the total displacement of the centerline
as a function of the distance x from the lip opening is

n(x,1) =n'(x,1) + () (x). (6)

We propose to describe the jet deflection with the x depend-
ence (inspired by research on round jets emerging from a
plane wall“),

According to different configurations found in the literature,
the order of magnitude of the amplification coefficient ¢ is
greater than, but on the order of, 1.

2. Jet spreading and slowing

A jet emerges at x =0 with a velocity profile contingent
on the history of the flow in the formation channel and on
the shape of the flue exit. If the channel is short enough, the
profile will assume a top-hat shape. The jet gradually
smoothens due to the viscous entrainment of the surrounding
fluid. At a distance /, from the flue, the jet is considered to
be fully developed and assumes a self-similar velocity pro-
file. From there onwards, the self-similarity of the velocity
profile yields

u(x,y) = tmax(X)f (y/b(x)), 3

where f'is the self-similar profile and where the characteristic
vertical distance b and the centerline velocity u,,,, are both
functions of the distance x; they describe the spreading and
the slowing of the jet, respectively.

In turbulent jets, both the spreading and slowing behave
different from laminar jets.'” affecting the velocity profile
and the phase velocity of the perturbation c,,. Turbulent vis-
cosity partially explains the fact that turbulent jets dissipate
energy more rapidly than laminar jets.

In the case of fully developed turbulent free jets,'” x-
momentum conservation implies bu2,, = constant while due
to the absence of other length scale b/x = constant, so that
b~ x and g ~ b1/ ~ x /2. Based on the observations
of several authors,18 the centerline velocity is assumed to be
constant prior to /,. This leads to

Uo ifx <l,

] 9
WVE ifx > 1, ®
X

where 1, is the centerline velocity of the initial velocity
profile.

As the jet evolves in a crossflow it changes its velocity
distribution due to momentum transfer, and its profile may

Umax ()C ) -
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significantly differ from the self-similar shape. However, the
crossflow is assumed to be relatively weak as compared to
the jet (r > 1), so that the jet is well described by the self-
similar assumption.

3. Jet instabilities

Work on the linear stability analysis of infinite parallel
flows was initiated by Rayleigh. Despite the unrealistic
assumptions of his analysis, it provides some insights into
the instability mechanisms. Basically, a time harmonic exci-
tation gives rise to two harmonic unstable modes, varicose
and sinuous, defined by a symmetric and antisymmetric
displacement of the two shear layers delimiting the planar
jet."” In flute-like instruments the jet emerges cross-stream
to the acoustic velocity field: the sinuous mode is dominant
because of the strong antisymmetric excitation.

The relevant parameters provided by the stability analy-
sis of parallel flows are the phase velocity ¢, and the spatial
growth rate o; of the time-excited perturbation as functions
of the Strouhal number and the self-similar velocity profile.
The former determines the convection delay of the perturba-
tion and thereby the oscillating frequency. The latter is
directly related to the amplification of the oscillation and
therefore to the triggering of nonlinear processes. For
spreading jets, as the velocity profile evolves along the
downstream direction, the two parameters ¢, and «; become
functions of the downstream distance x t00.?° However, this
level of accuracy exceeds the one in standard flute-like
instrument modeling, where ¢, and o; are typically assumed
constant, even with respect to the Strouhal number.

For laminar jets, experimental investigations validated
the linear description of the perturbation, as a propagative
transverse oscillation of the jet centerline,”'

n'(x, 1) = ™ot = x/cp), (10)

where the receptivity 7 is a key parameter which reflects the
modulation of the shear layers at the flow separation points
of the jet due to the acoustic field. The receptivity is an
empiric formulation that does not have a physical meaning:
the jet centerline cannot be displaced at x =0. The formula
is valid only for a few characteristic distances # downstream,
and shows reasonably good agreement with experimental
data using
Mo _ Vac

=— 11
h (1L

where v, is the harmonic transverse acoustic velocity at the
flue exit. The parameters of convection velocity and amplifi-
cation of the jet wave are defined as ¢, = yup and o; = f/h,
respectively, where 7 ~ 0.4 and § ~ 0.3 in laminar jets.*
Studies on the instabilities of jets describe the transition
from laminar to turbulent regime as triggered by the spatial
amplification of spontaneous oscillations due to the instabil-
ities in the shear layers.'” In the case of synchronized oscilla-
tions, such as in edge-tone or flute configuration, turbulence
may be triggered by the spatial growth of the perturbed jet.
Indeed, when the amplitude of oscillation is large enough,
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nonlinear mechanisms are predominant. The vortices formed
by the Rayleigh instability give rise to large scale structures
in the turbulent flow.

Using particle image velocimetry on a turbulent jet in an
edge-tone configuration, Lin and Rockwell”® showed that
large-scale patterns of vorticity are phase-locked with the
measure of pressure on the tip of the edge. These large-scale
patterns are of the same order as the hydrodynamical wave-
length in a laminar case. Thus, the associated acoustic
frequency is expected to be of the same order as the fre-
quency in a laminar edge-tone. Lin and Rockwell also
observed small-scale patterns of vorticity with no specific
phase relation with the jet oscillation nor with the pressure
measurement. These patterns of much smaller hydrodynami-
cal length scale contribute to the production of broadband
noise, a characteristic of turbulence: high frequency broad-
band noise with an absence of phase correlation with the
large scale oscillation.

As for the modeling of the spreading and slowing of the
jet, the contribution of the non-correlated vorticity patterns
can be integrated into a simple model—similar to the lami-
nar case—with an effective viscosity due to small-scale
eddies interaction. Disregarding small fluctuations, the trans-
verse displacement of the jet is assumed to be well approxi-
mated by Eq. (10) with values of the critical parameters 7,
¢p, and o;, which may differ from those of the laminar case
though they are expected to be of the same order of
magnitude.’

Oscillation of turbulent jets forced by an acoustic trans-
verse excitation have already been studied by Thwaites
et al.,'®** and de la Cuadra ef al.’ They found that the phase
velocity roughly behaves as ¢, ~ x~1/2 due to the decay of
the centerline velocity as expected for a self-similar turbu-
lent planar jet. Concerning the amplitude of oscillation, the
initial part of the jet is well approximated by an exponential
growth with a factor ff ~ 0.4. Beyond a certain length, the
amplitude of oscillation will exceed the half-width, and the
growth of the perturbation will no longer be linear.**

4. Overblowing

The delay of the perturbation on the jet is critical in
determining the oscillating frequency.® Sound production is
optimal for a convection delay 7. close to half the oscillating
period T.'°? Since the perturbation travels at about yuo,
sound production is optimal for a Strouhal number St,, =
JW Jug close to p/2 (when t. = W /yug equals 1/2f).

Modifications on the total delay, caused by a slower
convection of the perturbation in turbulent jets, also affect
the overblowing mechanisms of the instrument. Oscillations
are possible within a critical range around the optimal value.
Values of the Strouhal critical range in experimental results
from various authors are indexed in Table I. The lower limit
of the Strouhal number corresponds to the critical value at
which the system overblows, roughly close to a third of the
optimal value. It should be noted that the mechanisms that
trigger the regime change have not been fully understood,
although some of them have been identiﬁed,22 and that the
evidence presented here is of an experimental nature.
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TABLE I. Strouhal ranges that allow oscillation from different experimental
results, on different types of flute.

Lower limit ~ Optimal value  Upper limit
Verge et al. (Ref. 25) 0.07 0.17 0.25
Ségoufin er al. (Ref. 26) 0.07 — 0.25
de la Cuadra et al. (Ref. 27) 0.07 — 0.3
Auvray et al. (Ref. 22) 0.06 0.20 0.4

When the convection delay becomes too small because
of an increase in the jet velocity, the Strouhal number
decreases below its critical lower limit and the system
changes its oscillating regime to match the next mode of the
resonator. In other words, in an open-open pipe sounding in
its first regime, an increase in the jet velocity beyond the
critical value would result in an overblowing of the system
on the second mode, thereby doubling the frequency. Thus,
the balance of delays remains within the critical range, as
does the Strouhal number.

It is well known that in stopped pipes the frequency ra-
tio of the resonances are approximately in the ratio of the
odd integers, with the result that, when the jet frequency is
close to the first resonance, odd harmonics fall near resonan-
ces and become significantly stronger than the even harmon-
ics. Moreover, overblowing a stopped pipe would produce a
mode shift, jumping to a frequency close to three times that
of the fundamental. One might expect the critical range to be
extended due to the enlargement of this frequency interval.

The balance of delays may also be modified by one of
the effects of the turbulence: the spreading of the jet is
expected to modify the phase velocity of the perturbation,”®
and thereby the convection delay. The total delay should be
integrated over the window distance W with the local phase
velocity yuo where y is a function of the downstream distance
x. However, this description exceeds the accuracy of current
models since the exact evolution of the jet velocity profile is
required to compute the local phase velocity. A more general
approach which still accounts for the slowing of turbulent
jets and finds support in experimental observations™'® would
be to consider an effective Strouhal number defined as

St*:JW fdx _J’«@+J'W fdx

0 Umax(X) B o Uo

I, tor/x/1e

. W 32
_370<2<Z> +1). (12)

For fully turbulent free jet the origin of the self similar part
may appear upstream from the flue exit. For this article St*
will be used as an indicator of the regime changeability.

lll. EXPERIMENT

A laboratory replica of a siku was built with the modifi-
cations necessary to allow proper visualization and further
analysis of images. The experiments seek to validate the
parameters of the models proposed in Sec. II, including a
detection of the jet centerline #(x,¢) for the analysis of the
mean deflection (1) and the instability jet wave #'(x, ), and
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the establishment length /.. An acoustical analysis of the
sounds obtained is also included.

A. Setup

The control parameters of the experiments are the
jet-pipe angle o and the Reynolds number Re = uph/v, var-
ied through the jet velocity uy—for a flue of height /# and a
fluid of viscosity v (for CO,, v = 8.1 x 10°m? /s). Pure
CO, was blown into the pipe for visualization purposes.

The replica is an aluminum tube with a square section:
an inner cross-sectional area of 0.67 cm? and an inner length
Lyipe = 9.76 cm. These dimensions were chosen using the
power law traditionally found in panpipes® (in centimeters):
D, = 0.35(L,,,~,,g)0‘43, where D, is the diameter of a circum-
ference of equivalent surface as the inner section of the pipe.
The pipe is assumed to be uniformly filled with pure CO,,
providing a fundamental frequency in CO, of fo = co/4Lyipe
= 686Hz with the speed of sound cp =268 m/s. The
stopped end is closed by a rubber cork with an Endevco
dynamic pressure sensor model 8507C-2 mounted flush on
it. In the region near the open end, two opposite walls were
cut off and replaced with two larger pieces of transparent
glass to make a visualization area (see Fig. 4).

The flue is made of a cylindrical brass tube of inner
diameter 4.8 mm whose end has been flattened, cut and bent
to resemble lips. The flue exit is 7mm wide and 4 =0.7 mm
high, yielding a cross-section Sy, ~ 4.9mm?. A 1 cm wide,
5cm long, and 3 mm thick rubber piece was used to seal the
gap between the flue and the edge of the pipe opposite the
labium, an area that is normally filled by the jaw or lower lip
of the instrumentalist.

The pipe and the nozzle are mounted on a system that
allows for the variation of the flue-labium distance W, and
the jet-pipe angle «. The radius W, chosen empirically to
give optimal sound production, is set at 9.3 mm.

The pure CO, jet is regulated using a Brooks mass flow
controller. Between the controller and the nozzle the flow
passes through a settling chamber of volume 2.5 x 10~ m?,
where the velocity is taken to be zero and the pressure is
measured using an Endevco dynamic pressure sensor model
8507C-2. The cavity is connected to the nozzle by a plastic
tube of inner diameter D =6.2mm and length L=2.5m.
This allows for a complete development and stabilization of
the velocity profile in the tube; however, viscous losses are
significant and cannot be disregarded. Consequently, a spe-
cific model is developed for the estimation of the velocity at
the flue. The jet velocity is estimated by applying the law of

e
-
P [ ]

. T glass
r

rubber layer
pressure sensor

FIG. 4. Sketch of the experimental setup. The nozzle can rotate around the
center O, and can be translated along the x and y axes.
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Blasius. For a turbulent flow in a cylindrical pipe of length
L, the pressure drop P4, between the cavity and a point just
before the constriction of the nozzle is given by®
[
Pdmp o ;LEP()M
L D’

13)

where u is the centerline velocity just before the constriction
of the nozzle, py the density of the fluid (for CO,, p,
=1.8 kg/m3) and 1 = 0.316R651/ * the friction coefficient,
with the Reynolds number Rep = uD /v and the viscosity v.
The jet centerline velocity at the nozzle u, can be estimated
by applying mass conservation (uD?m/4 = Spy,tp) and
energy conservation (Bernoulli) between the points just
before and after the constriction.

In addition to the internal pressure measurements, a
B&K 4938 microphone captures the radiated pressure at a
point set 29cm away from the labium (9cm above the
labium in the axial direction of the pipe, 19 cm in the direc-
tion perpendicular to the x-y plane, and 20 cm in the direction
perpendicular to the pipe axis and parallel to the x-y plane).

Visualization is achieved by blowing CO, for all the
experiments and using the Schlieren photography technique.
Images are captured at 8 Hz with a shutter speed of 100ns.
Additionally, the camera provides an analog synchronizing
signal independent of the pressure oscillation. A typical
image of the experiment is shown in the Appendix. Since the
pipe is saturated with CO,, the mass gradient of the inner
shear layer of the jet is less pronounced, causing a weaker
contrast in the flow visualization.

B. Experiments

Each experiment covers the acquisition of 368 images
(~ 46s) under steady conditions of the control parameters o
and Re = uph/v. A total of 20 measurements are performed,
covering five jet angles (24°, 36°, 46°, 57°, and 69°) and
four Reynolds numbers (~ 2400, 3000, 4300, and 5200) cor-
responding to four jet velocities (~ 28, 35, 50, and 60 m/s).
In all cases the jet has a laminar and a turbulent region, with
a transition around 3 mm downstream from the flue.

All concluding remarks in this investigation are
retrieved from this set of 20 experiments. Nonetheless, in an
attempt to determine whether the jet auto-directs towards the
labium, as suggested by Fletcher,” three additional measure-
ments were performed by shifting the offset y,;r ~ 3 mm,
thus aiming the jet at the center of the bore. Using this con-
figuration, three angles (24°, 36°, 46°) were tested with
Re ~ 4300 (jet velocity of ~ 50 m/s).

For an average range of Re ~ 2400 to 5200, the variation
of other relevant quantities is as follows: fluctuating pressure
at the closed end p’, 143 to 159 dB; radiated pressure, 75 to
93 dB; pressure difference in the pipe Ap, 40 to 240 Pa; pres-
sure in the upstream cavity pcqyir, 1000 to 4500 Pa; and mass
flow controller output, 1.4 x 107%t02.9 x 10~ m’/s.

C. The processing of images

The images present several challenges from the view-
point of the analysis. For instance, one of the control

J. Acoust. Soc. Am. 139 (6), June 2016

parameters is the jet-pipe angle, which means that the geo-
metrical configuration changes constantly. Thus, processing
is needed in order to define a homogeneous window of ob-
servation, such as the one in Fig. 3. Furthermore, the video
frame rate is low (8 Hz) and is not synchronized with the os-
cillation frequency of the jet (~690Hz), so that no direct
representation of motion can be deduced from the images.
Finally, small vortex structures make the detection of the
centerline difficult. A detailed explanation of the algorithmic
procedure is presented in the Appendix.

The oscillating pressure at the closed end of the pipe
p’ is used as a reference for the harmonic motion of the jet.
The signal is linked to the synchronizing signal of the cam-
era. Each image is labeled with the acoustic phase position
at the moment of the capture. The original size and orienta-
tion of the images is cropped and rotated using the nozzle
structure as a reference in an image registration algo-
rithm.? Then, as a way of reducing the effects of turbu-
lence, smoothed images that average information from
several phase-adjacent images are created. These are
called “aggregated” to differentiate them from the original
“single-shot” ones. Finally, a simulated period of oscilla-
tion is created by uniformly selecting 32 images in the
range [0 — 2. This is done for both single-shot and aggre-
gated images.

A modified version of the cross-correlation algorithm
proposed by de la Cuadra® was used to detect the centerline
1(x, ). Aggregated images are used for this purpose because
the turbulence makes it impossible to use single-shot ones.
Fourier analysis of #(x, ¢) is performed in order to obtain the
mean deflection (1) of the jet, and the amplitude |1f/| and
phase ¢,, of the jet wave. Curve fitting is then used to extract
the mean deflection coefficient 6 and the amplification factor
of the jet wave o;. The establishment length /, is obtained by
running the centerline detection algorithms on single-shot
images, and measuring the point where the two turbulent
shear layers collapse.

IV. RESULTS
A. The resonator

The pressure difference at the closed end of the tube Ap
is compared to the model developed in Sec. III [see Eq. (5)].
Results are displayed in Fig. 5. The pressure difference
slightly increases as the angle decreases (i.e., as the jet aligns
itself with the pipe axis). The prediction of the model overes-
timates the pressure decay with the angle but provides the
same order of magnitude and the same trend. However, the
model does not predict a Reynolds number dependence,
though it was experimentally observed. The adjustable pa-
rameter ¢ has been set to 0.6 to match experimental observa-
tion, making it possible to estimate the fraction of the jet
which enters the pipe and therewith the ratio r of the jet ve-
locity over the crossflow velocity [see Eq. (3)]: for all the
experiments, 1 has been found to be on the order of 23 except
for the three experiments where the offset y,;r ~ 0.3 mm, ¢
being set to 1.
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FIG. 5. Dimensionless pressure difference at the closed end Ap, Polla versus
angle of the jet o for different flow commands (solid line: model developed
in Sec. IT A 1; dashed line: experimental data). The parameter fraction of jet
that enters the pipe ¢ is set to 0.55 for the case y,;= 0 and 0.95 for the case

Yor # 0.

B. The excitation
1. Jets in crossflow

The detection of the instantaneous deflection of the cen-
terline 7n(x,t) using aggregated images is shown in Fig. 6
(blue straight line). The mean deflection of the centerline (1)
(red dotted line) is also shown and evidences the deviation
from the x axis of the average oscillation. Results of (1)
show the expected behavior for a jet in a crossflow given by
Eq. (7), but only in the first half of the jet. In the second half,
the shifting tendency seems to cease; the mean position of
the centerline remains in the vicinity of the displacement
achieved in the first half. The jet deflection has been fitted
with the function (i7)/rh = a(x/rh)° on the first half of the
window (x € [0, W/2]). Figure 7 shows values of d. Except
for the very critical case oo =69° (with jet almost orthogonal
to the pipe axis), all the ¢ values are close to 2. No specific
trend for § with the Reynolds number, nor with the angle o,
has been found.

y-axis (mm)

z-axis (mm)

FIG. 6. (Color online) Detected instantaneous deflection #(x, 7) (straight line)
and mean deflection (17) (segmented line) of the centerline of the jet in an
aggregated image, for ¢ = 146.25°, y,;r ~ 3 mm, and (Re,) = (4300,36°).
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FIG. 7. (Color online) Coefficient ¢ of the steady deflection of the jet
(n)/h = a(x/h)° versus Reynolds number Re = ugh/v for all the blowing
conditions. When not specified in the legend, the offset y, is null.

The total jet displacement at the labium is small,
(n)(W) ~ 0.35 mm. Nevertheless, for the three experiments
where the offset is changed to y,s ~ 3 mm, the tendency
(n) ~ x° is maintained throughout the entire jet length.
Values of § for this case are also displayed in Fig. 7. The
total displacement is now (7)(W) ~ 1 mm, so that the jet
does not oscillate around the labium but around a point two
millimeter is above it.

The mean deflection of the jet centerline due to air recir-
culation within the pipe seems to act therefore only on the
first half of the jet. When the jet is directed to the labium, the
resulting deflection at the labium is small compared with the
open-open pipe case. But when the jet is not directed at the
labium but towards the center of the pipe inlet, the mean
deflection makes the jet bend back toward the labium, pro-
viding a total deflection that is, on average, three times
higher than that of the former case. The mean jet centerline
position is almost entirely fixed by the aerodynamic balance
rather than by the lip’s configuration, as it would be in the
case of an open-open pipe.

2. Jet spreading and slowing

In order to determine the position at which the jet is
fully developed, /., an image analysis algorithm, has been
implemented and is described in the Appendix.

Results of /, are displayed in Fig. 8 (upper graph). The tur-
bulent mechanisms are triggered closer to the flue exit as the
Reynolds number increases: from /,/h ~ 5 for Re = 2400 to
l./h ~ 2 for Re = 5200. No apparent relation to angle o or to
the jet offset y,4is observed.

3. Jets instabilities

The function 5,e*" is fitted to the wave amplitude data.
The measured amplification factor § = he; is shown in Fig. 9.
The order of magnitude of the growth rate is the same as the
ones found in the literature for turbulent jets.>'®** No specific
trend with the Reynolds number Re or with angle o has been
found. As already observed in these earlier studies, there is
no difference between the laminar and turbulent regions. In
addition, an interesting result was obtained for the three experi-
ments where y,rr ~ 3 mm. In this case, the growth rate o; is
larger and shows a dependence on the angle.

Another parameter usually studied together with
the amplification factor is the convection velocity c,,,
deduced from phase of the wave ¢, with the expression®
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FIG. 8. (Color online) Dimensionless establishment /, /# and Strouhal num-
bers Sty =fW/ug and Sr* [see Eq. (12)] versus the Reynolds number
Re = uph/v for all the blowing conditions. When not specified in the
legend, the offset y,is null.

= w(dq’),i,/dx)*l. It provides information on the total
delay, and thus on the ability of the system to overblow.
As expected from the model, the rate of change of phase
do, /dx behaves differently before and after the establish-
ment length /,. There is a change in the slope of the phase
that coincides with /., reducing the phase velocity for the
turbulent region. However, the phase data of the present
experiment are too noisy (because of turbulence) to allow
for a proper estimation of c,. Only for a few of the experi-
ments it was possible to deduce information on ¢, which
was estimated to be in the range of ¢, x93 to cp X X723,

4. Overblowing

Stopped pipes also tolerate a wider range of jet veloc-
ities in the first oscillating regime, compared to open pipes.
Experimental observations in open pipes show that for a
Reynolds number as high as 5200, the Strouhal number
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FIG. 9. (Color online) Growth factor § = ha; versus the Reynolds number
Re = uph/v for all the blowing conditions. When not specified in the
legend, the offset y, 4 is null.
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St,, = fW /uy is expected to reach the overblowing threshold
of 0.07. The data collected in the present experiment [Fig. 8
(lower graph)], show that for Re ~ 5200 the lowest value of
St,, observed is close to 0.1.

A second Strouhal number St* [see Eq. (12)] that
accounts for the jet slowing is also displayed in Fig. 8.
Although it shows the same behavior as St,,, the values of
St* are greater due to a corrected jet velocity, and may be a
more accurate measure of the system’s ability to overblow.
We see that St* does not decrease below 0.07, value around
which the system is expected to overblow. A thorough analy-
sis of this phenomenon demands the careful consideration of
the evolution of the central velocity of the jet. As the initial
velocity u is raised, turbulent mixing on the jet is triggered
closer to the flue and thus the characteristic slowing caused
by turbulence has a greater impact. As a consequence, a
higher velocity is necessary to achieve the overblowing,
which has the musical advantage of allowing a larger
dynamic range within the first register. Along with the
hydrodynamical consideration, increasing the jet velocity
also affects the oscillating frequency, which, in the present
experiment, can be increased by as much of one quarter
tone.

C. Acoustical analysis

Characteristic spectra of the closed end oscillating pres-
sure p’ are plotted in Fig. 10 for two different configurations.
The spectra show harmonics as well as a strong broadband
noise filtered by the resonator. An unexpected antiresonance
modulates the broadband noise around 1600 Hz, which is
probably a consequence of the visualization window. The
broadband noise highlights the response of the resonator and
thus the pipe modes become visible in the spectrum. The
frequency ratio of the pipe modes follows an approximate
relation of odd integers of the fundamental, but toward the
higher modes this relation becomes more inharmonic and
also depends on the orientation angle of the jet, o.
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FIG. 10. Spectra of the oscillating part of the pressure at the closed end
(top) and of the radiated sound (bottom) for two runs of the experiments:
blowing condition Re = 5200, o = 24°, y,;y = Omm (black) or 3 mm (gray,
shifted by — 20 dB). The spectra are estimated through a power spectral den-
sity using a 8192 point DFT averaged over ~30 windows of length 0.33's.
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Over all the blowing conditions, the fundamental fre-
quency varies around the resonance frequency f; = 686 Hz
(see Fig. 11, top), showing a maximum deviation of =3% (a
quarter tone) for the two extreme conditions [—3% for
(Re =2400, «=24°) and +3% for (Re=5200, a=69°)].
The fundamental frequency increases with the Reynolds
number and with the aperture of the open end (as the angle o
increases).

The spectral content is characterized by the harmonics,
odd and even, and the broadband noise. The amplitude of the
harmonics is estimated by computing a discrete Fourier
transform (DFT) over a window that includes an integer
number of oscillation periods (30 periods with a sample rate
of 25kHz). Therefore, the amplitude of each bin of the DFT
includes the energy within a band of 22.5 Hz. The broadband
noise is estimated by averaging a DFT computed over a
much larger window (3000 periods). Harmonics and noise
estimation are displayed in Fig. 11 (bottom).

The amplitude of the fundamental is always larger by at
least 30 dB than the one of the third (and other) harmonics.
The whole spectral content follows the same trend as the
fundamental for all the blowing conditions: the amplitude
increases with the Reynolds number. The first and third har-
monics are higher than the second, which has almost the
same level as the noise. When the jet is aimed at the center
of the bore (Fig. 10, gray, top), the energy balance between
odd and even harmonics is modified: the amplitude of the
second harmonic exceeds that of the third. However, even
harmonics are radiated less effectively than odd ones: for the
case yor=3mm (Fig. 10, gray, bottom), the second har-
monic of the radiated sound is lower than the third one
whereas this is reversed for the internal pressure signal. This
could be explained by the fact that, for an odd harmonic, the
pressure node at the open end (pipe termination) corresponds
to a velocity antinode. For even harmonics one would
actually expect a velocity antinode at the open end. The
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FIG. 11. (Color online) Deviation in the fundamental frequency (f — f1)/fi
with fi = 686 Hz (top) and harmonics and broadband noise levels of the in-
ternal pressure p’ (bottom) versus the Reynolds number Re = ugh/W
(dashed lines: first and third harmonics; solid lines: second harmonics;
dashed-dotted lines: broadband noise). When not specified in the legend, the
offset y, is null. For the case y,; # 0, the second harmonics are higher
than the third ones.
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radiation is determined by the acoustic volume flux at the
open end rather than the pressure at the closed end of the
pipe, where pressure is actually measured.

The amplitude of oscillation of the pressure at the closed
end p’ makes it possible to estimate the ratio of the acoustic
velocity over the jet velocity through the dimensionless am-
plitude proposed by Verge et al.” p'| / pcouy, where p) is the
amplitude of the fundamental. The dimensionless amplitude
is displayed in Fig. 12. It slightly increases with the
Reynolds number but remains under the usual value, ~0.2,
found by other authors for different types of flutes and
blowing conditions. Note that p|/pcouy does depend on
the ratio of jet length to jet thickness (see Verge et al.>).
Additionally, a clear consequence of the variation of the
angle o is observed: for a jet directed towards the labium, the
amplitude of oscillation increases about 5dB as the angle
decreases from 69° to 24° (the jet aligns with the pipe axis).

V. CONCLUSIONS

Some fundamental aspects of the hydrodynamics of
stopped end pipes have been discussed analytically and
observed in a controlled experiment. The musician has direct
control over several parameters, such as the jet-labium offset
Yo the central velocity of the jet ug, and the jet-pipe angle
o. Changes in any of these three parameters have an inci-
dence on the hydrodynamic behavior and thereby on the
acoustic behavior. We have observed that a wide range of
these parameters produces sound.

The turbulent jet instability was measured observing
that the growth rate for a transversal perturbation is of the
same order of magnitude as for a laminar jet (f = ho;
~ (0.24). The amplification coefficient ; is larger when the
jet is directed to the center of the bore (f = ho; ~ 0.25 to
0.38), also displaying a dependence on the jet-pipe angle o.
The jet’s central velocity is constant in the laminar jet core
but decreases according to 1 oc x~'/? and also spreads line-
arly with x in the fully developed turbulent region.'® The ve-
locity of convection of the perturbation (c,), which depends
on the jet’s central velocity, is affected by the regime

107t _—m ]
w0 P
’—”’*- e
LT T o T -
AT T T em R
P e T T e T B
- oot LT
g KA\
RS S
= S
Y o
v
-u—- o =23°
-e-a =37°
—*— a = 46°
-A- o = H7°
-v- a = 68°
) -o- Yo # 0
10 L . 1 T
0 2000 3000 4000 5000 6000
Re = ugh/v

FIG. 12. (Color online) Dimensionless amplitude of oscillation p’/pgcouo
versus the Reynolds number Re = uph/W. When not specified in the legend,
the offset y,zis null.
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transition and shows an x-dependence similar to the one
expected for the centerline velocity u.

A remarkable observation has to do with the auto-
direction of the jet toward the labium in stopped pipes. The
player does not need to aim the jet directly at the labium in
order to produce a stable oscillation. This behavior has
already been predicted theoretically” and is now measured
experimentally.

The effect of the crossflow was successfully modeled as
a deviation of the jet’s centerline with a polynomial depend-
ence on the horizontal distance ()/rh = a(x/rh)°, with
0 =~ 2. The model proved to be valid for the first half of the
jet length. The magnitude of this deviation depends strongly
on the jet-labium offset.

Any change in the symmetrical properties of the non-
linear exciter is known to affect the relative strength of the
harmonics. This is the case of the offset between the jet axis
and the labium.*® Although in stopped pipes part of this off-
set is corrected by the steady deflection, the equilibrium
point of the oscillating jet is still slightly off the labium, pro-
ducing an asymmetrical jet impact. The deflection mecha-
nism makes it possible to produce stable oscillations for a
large range of jet offsets, while maintaining the ability to
control the harmonic generation as it can be performed on a
lip-blown open-open pipe, such as the transverse flute.

Additionally, a wide range of angles at which the pipe is
able to produce stable oscillations is observed. Both the
oscillating frequency and the acoustic power are correlated
with this angle.

Thus, from the standpoint of the musician, the produc-
tion of a tone in a stopped pipe seems easier than in the case
of an open-open flue instrument. This might partly explain
why stopped pipes were the most common type of resonator
found in ancient civilizations in the region.
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APPENDIX: IMAGES PROCESSING

Pre-processing the data. The camera frame rate is much
lower than the frequency of the jet wave (8 Hz and ~690 Hz,
respectively) so that sequential images do not follow the
oscillating motion of the jet. However, large-scale patterns
of vorticity are phase-locked with the acoustic oscillations,
as mentioned in Sec. II B 3. An algorithm was developed to
label images with the instantaneous phase of the fluctuating
pressure at the closed end p’ at the moment of their capture.
Thus, an array of images I = [I,1,...,Iy] is linked to a
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vector of phases ¢ = [¢|, s, ..., ] which are distributed
uniformly in the interval [0 — 2x]. The array / and the vector
¢ are reordered so that 0 < ¢p; < ¢, < --- < Py < 27

Small scale patterns of vorticity have no relation to the
acoustic oscillations and behave randomly in consecutive
images of /. This complicates the analysis from the view-
point of the detection of the centerline. By aggregating infor-
mation from phase adjacent images, recurrent structures
are highlighted and others decomposed. The following pixel-
by-pixel procedure combines images in / using a Gaussian-
weighted average around a phase ¢. The result is called an
aggregated image J ():

> L ci(o)
k=1

j(q’) SN (Al)
x(¢)
k=1
where the coefficients ¢, (¢) are defined as
c(p) = 6*1/2((@*@)/02’ (A2)

and the parameter { adjusts the spread of the curve.

A reconstruction in time of a period of oscillation of the
jet wave is made in M uniform frames O, (1/M)2mx, ...,
(M — 1)/M)2n. Aggregated images J(¢) are computed by
forcing ¢ to match those intervals, and single-shot images J
are picked out as uniformly as possible from ¢.

For the following analysis, parameters are set to { =
8.4° and M = 32.

Prior to the subsequent analysis of the jet’s centerline,
the main axes of the model (see Figs. 3 and 13) have to be
defined. To this effect, an x axis and a representative point
marking the origin of the jet must be found. The former can-
not be deduced from images for these contain information
on the vertical displacement. However, the total average of
images in array J is expected to provide a better idea of the
initial orientation of the jet. A line is adjusted to fit the direc-
tion of the early development of the jet, and the origin is
placed at the edge of the flue. In order to generalize the axes

FIG. 13. Typical image captured by the camera for the blowing condition
(Re,o) = (3000,57°). The rectangle is the window of observation, the dashed
line is the mask used for the detection of the jet transverse oscillation, and
the white cross is the center of rotation on which the jet axis is centered.

Auvray etal. 3223



definition for different geometrical configurations, it is nec-
essary to develop an alignment algorithm that uses the struc-
ture of the nozzle as an invariant marker of the orientation
of the jet. The algorithm is based on the technique called
“image registration,” which maximizes the mutual informa-
tion between images,” and yields the translation and rota-
tion of the nozzle structure relative to a reference. Thus, the
axes need to be defined for one experiment only, and the
results are extrapolated to the rest by means of the alignment
algorithm.

Jet centerline tracking: Relative displacement. De la
Cuadra® proposed an algorithm for measuring the vertical
displacement of a jet based on the cross-correlation between
analog gray profiles of images at consecutive time frames.
The method uses a reference image and cross-correlates
the rest to it. Thus, displacements obtained are relative to the
one in the reference image. A brief summary of the algo-
rithm is provided below.

The cross-correlation of a vertical gray profile /(y, x, )
at a distance x from the flue and time frame ¢ is

X(y,x,1) :J

o0

l<y _)7#@ tl‘éjf>[(yax7 t)d_)? (A3)

—00

X(y,x,t) will have a maximum for a lag y that makes both
profiles match best. Then, the shift of that maximum from
the center of the vector is taken as the relative displacement
f1(x,t). This is often on the order of a few pixels, so that the
parabolic interpolation of the three highest values is used to
increase resolution of the peak detection.

This operation is repeated for the M time frames and for
the entire discrete window of Ny, points (x € [0, Ny — 1]).
The result of the algorithm is the M x Ny matrix of relative
displacements whose first row is made up of zeros to repre-
sent the unknown displacement of the reference image.

Jet centerline tracking: Absolute displacement. In
open-open pipes, the mean deflection of the centerline (1)
coincides with the x axis. This makes it possible to correct
the reference displacement by forcing the mean value of
the columns of 7(x,?) to zero. In stopped pipes (1) varies
with x; hence, the position of the jet in the reference image
must be obtained separately and it must then be subtracted
from 7 (x, 7).

The morphology of the jet in aggregated images is char-
acterized by two velocity profiles (a top-hat shaped profile at
the exit of the nozzle, and an auto similar profile a distance
away from it). First, the shear layers are two distinguishable
boundaries of the jet, and after a certain distance of estab-
lishment /., these boundaries collapse in the centerline. Two
algorithms based on vertical gray profiles run in the regions
x €1[0,7, — 1] and x € [I,, Ny — 1], respectively, where the
distance I, is a heuristic estimation of /, used only for this
transition. Despite the gradual nature of the diffusion of the
shear layers, the change is assumed—without compromising
the results—to be discrete.

In the first region, a profile /(y, x, ) looks like Fig. 14
(upper graph). Maximum and minimum points are good indi-
cators of the boundaries of the jet, and the centerline is
assumed to lie at the center of both.
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FIG. 14. (a) Gray profile in laminar region. (b) Gray profile in turbulent
region. (c¢) Integral of (b).

A gray profile in the second region looks like Fig. 14
(middle graph). Visualization is now characterized by noise,
so that the former criteria of detection are no longer valid.
The shape of /(y, x, 1) suggests that a larger scale approach is
necessary, such as the area below the curve. This operation
acts as a low pass filter, reducing the effects of noise. The in-
tegral of the gray profile, starting from the first intensity
value, is shown in Fig. 14 (lower graph). The maximum of
this curve marks the centerline.

An exponential fit to the combined results yields the
absolute displacement of the reference image #n(x,0).
Finally, the rows of matrix #(x,¢) have to be corrected by
means of the operation,

n(x, 1) =n(x,0) = i(x,0), veell,M—1] (Ad)
A three-dimensional plot of the absolute displacement #(x, )
is shown in Fig. 15.

Detection in aggregated images is robust; the centerline
can be tracked from the flue to the labium. Therefore, the

analysis of the instability of the jet and the mean deflection

3m/2

phase

FIG. 15. Three-dimensional representation of the jet transverse oscillation
1(x,¢) versus the M = 32 time frames and the distance from the nozzle x for
the case (Re,o) =(4300,36°).
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will use these images. Contrarily, algorithms of detection in
single-shot images perform poorly due to uncorrelated
small-scale patterns of vorticity. This characteristic will be
used to identify the establishment length at which the turbu-
lence reaches the core of the jet.

Spatiotemporal analysis of the centerline. The static and
oscillatory components of the columns of (x, ) represent the
mean jet deflection (i) and the jet wave 7/ (x, t), respectively.
Fourier analysis of the columns of #'(x,?) yields the ampli-
tude || and the phase ¢,. The growth rate o; is obtained
from the fit of |1f'| using the function rye*, as illustrated in
Fig. 16. The convection velocity is deduced from the phase
of the wave ¢,,, with the expression” cp = a)(dxd)”,)*l. cp
depends on the derivate of a noisy vector; thus, it cannot be
obtained directly and requires a function to be fit the to ¢,
previously. In turbulent jets ¢, o< x~'/2, thus Gy X172,
However, the data obtained are too irregular to generalize a
result and requires further investigation. Nevertheless, a
change of slope in ¢,, that coincides with the detection of the
establishment length /, is observed. In the laminar region, the
slope seems to be linear, while in the turbulent region it is
better approximated by a polynomial.

Small-scale patterns of vorticity reduce the performance
of detection, especially in single-shot images. A measure of
turbulence is the mean squared error (MSE) between the nor-
malized columns of #'(x, ) and their sinusoidal fit,

MSE:Ai/Ii [|7I/|1(x) n'(x,1) —cos (ZnM—‘t—i— (l);,/(x))] 2.

t=1

(AS5)

The MSE can be divided into three regions: forming,
laminar and turbulent. Oscillations starts to arise in a region
of length x ~ & near the flue exit; this causes the detection to
be highly irregular, having a large MSE. In the laminar
core region, the MSE quickly decreases due to a structured
and cohesive jet. This state lasts until turbulence arises at
x/h ~ 3-5, depending on the blowing conditions, where the

x/h
FIG. 16. Amplitude, phase, and MSE of the oscillation of the jet for one

blowing condition: (Re,o) = (4300,36°). The vertical line is the estimation of
the establishment length /, based on the MSE.
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MSE increases rapidly. This establishment length /, can be
easily identified, as shown in Fig. 16 (lower graph), and it
was detected heuristically.
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