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Abstract

The study deals with nonlinear acoustical effects localised at the open-end of a cylindrical tube. The termination im
is measured using a two microphone method. Due to the separation of the acoustic flow at the pipe end, the real p
termination impedance depends on the volume velocity at the open end. It is shown that the radius of curvature of the
the open end of the tube has a crucial influence on the amplitude of the nonlinear losses. Several regimes are shown
radii of curvature.To cite this article: M. Atig et al., C. R. Mecanique 332 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Impédance terminale d’un tuyau cylindrique ouvert à fort niveau sonore. L’étude porte sur les effets acoustiques no
linéaires localisés à la sortie d’un tube cylindrique. Des mesures de l’impédance terminale réalisées à l’aide d’une m
deux microphones montrent que les pertes – partie réelle de l’impédance terminale – augmentent avec la vitesse m
sortie de tube. L’importance de ces pertes dépend fortement du rayon de courbure des bords intérieurs à la sortie de
pertes peuvent être interprétées comme la conséquence de la séparation de l’écoulement acoustique en sortie de tu
faibles rayons de courbure, plusieurs régimes sont mis en évidence.Pour citer cet article : M. Atig et al., C. R. Mecanique 332
(2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

In a tube, when the sound pressure level is high, propagative nonlinear phenomena such as acoustic str
distorsion of an acoustic wave [1] can appear. Beside these cumulative effects, there are localised nonline
on geometrical discontinuities such as the open end of the tube for example.

E-mail address: merouane.atig@univ-lemans.fr (M. Atig).
1631-0721/$ – see front matter 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crme.2004.02.008
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These localised nonlinear effects are known for a long time in the case of an orifice. In 1935, Sivian [2]
the nonlinear behaviour of the acoustic resistance of an orifice. Ingard and Labate [3] presented visualis
the flow field around an orifice subjected to high-intensity sound. By measuring simultaneously sound pres
flow velocity in an orifice, Ingard and Ising [4] concluded that the orifice resistance is proportional to the a
velocity for high sound amplitude. More recently, Disselhorst and Van Wijngaarden [5] observed the same b
at the open end of a tube. As for an orifice, the real part of the termination impedance depends on the sour
level and increases with the acoustic velocity at the open end. Moreover, the open end geometry is cruci
phenomenon. Peters et al. [6] studied the losses at an open end using different geometries such as a sha
unflanged pipe with thick walls or a circular horn.

The aim of the present study is to investigate experimentally the influence of the pipe termination geo
and especially the role of the radius of curvature of the terminations, on the termination impedance. In
section, the existing theoretical results for the termination impedance are presented for the linear and the
case. In Section 3 the experimental setup is described. Finally, the results of the measurements for hi
amplitude are presented and discussed in Section 4 followed by a conclusion.

2. Theoretical results

In linear acoustics, the termination impedance of a tube is called radiation impedance. The acoustic r
impedance of a tube is a quantity defined asZr = p/U wherep andU are respectively the acoustical pressure
the acoustical volume velocity at the open end of a tube. The expression of the linear radiation impedanZr in
the low frequency approximation is given by Levine and Schwinger [7] for an unflanged pipe, Nomura et
for a pipe with an infinite flange:

Zr

Zc
=

{
1
4(ka)

2 + jkδ0 unflanged pipe, δ0 = 0.6133a
1
2(ka)

2 + jkδ∞ infinitely flanged pipe, δ∞ = 0.8216a
(1)

whereZc = ρ0c0/S is the characteristic impedance withρ0 air density,c0 speed of sound andS surface area of th
tube,k = ω/c0 is the wave numberω being the angular frequency,a is the tube radius,δ0 andδ∞ the so-called end
length correction for an unflanged tube and a flanged tube respectively. The real part of the radiation im
represents the radiation loss and the imaginary part represents the inertia.

When the amplitude of the acoustical velocity is high enough, nonlinear effects appear at the end of an op
there is separation of the acoustic flow at the pipe end and formation of vortices. Strictly speaking, imped
defined for linear systems so, in the following, termination impedanceZend is defined as the ratio between press
and volume velocity calculated at the open end for the fundamental harmonic (first harmonic approxim
This is justified by the low level of harmonic distorsion of the velocity signal at the open end (typically les
5% for the second harmonic which is the loudest harmonic). The acoustical parameter chosen to charac
phenomena are the acoustic Strouhal number based on the tube radiusSt = ωa/û and the acoustic Mach numb
M = û/c0, whereû is the amplitude of the acoustic velocity averaged over the cross sectional area of the op
Disselhorst and Van Wijngaarden [5] and Peters et al. [6,9] modelled the nonlinear behavior of an open p
results found by Disselhorst and Van Wijngaarden [5] for high Strouhal numbers (Eq. (7.11)) can be thoug
an additional termZnl to the radiation impedance so thatZend=Zr +Znl :

Znl

Zc
= β ·M · St1/3 (2)

The parameterβ is determined by means of numerical simulation. Disselhorst and Van Wijngaarden [5]
values between 0.6 and 1.0 and Peters and Hirschberg [9] found a value of 0.2.

For low Strouhal numbers, i.e. high amplitude of the acoustic velocity, Peters et al. [6] (Eq. (5.26)) p
the use of a quasi-steady theory. During half a period, the acoustic velocity is oriented out of the tube an
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like outflow is assumed. During the second half period, the acoustic velocity is oriented into the tube and
formation of a vena-contracta type of inflow. The parametercd , which characterises the vena contracta for differ
pipe end geometries, can be introduced. The additional termZnl is then given by

Znl

Zc
= 2cd

3π
M (3)

cd is equal to 2 for a thin-walled unflanged pipe and equal to 13/9 for a flanged pipe [10].

3. Setup and experimental procedure

The experimental setup is drawn schematically in Fig. 1. The measurements have been carried ou
copper tube of inner radiusa = 8 mm. The wall thickness of the tube isd = 1 mm. This setup is placed i
the middle of an anechoic room. The fundamental harmonic of the acoustic pressure in the pipe is mea
synchronous detection using acceleration compensated piezo-electrical gauges (PCB model 106B). T
source is a compression driver JBL model 2446H and is located at one end of the tube. Five different term
can be mounted at the open end of the tube (Fig. 1). The terminations geometries are of two types and h
chosen to influence the separation of the acoustic flow at the pipe end:

• the first type of termination has rounded edges which are defined by their radius of curvaturer and presents
little flange (wall thicknessd = 4.5 mm). Four radii of curvature have been chosen:r < 0.01, r = 0.3, 1 and
4 mm;

• the second type of termination, which tries to approximate the unflanged pipe termination with thin wa
a sharp edge with a bevel angle of 20◦ and corresponds to the case studied experimentally by Disselhos
Van Wijngaarden [5] and Peters et al. [6].

Assuming the plane wave hypothesis, it is possible to measure by means of a two microphone me
pressures and velocities on any section of the tube (for references about this method and errors analys
example Åbom and Bodén [11]; for other similar measurement methods, see Dalmont [12]). WithH12 = p2/p1
ratio of pressures measured on two points of the tube, the acoustic velocity at the open end is given by:

u= j p1

Zc

H12cos(kL1)− cos(kL2)

sink(L1 −L2)
(4)

Fig. 1. Experimental setup (left) and the two types of pipe termination geometry (right): (upper) tube with a sharp edge defined by a b
of 20◦, (lower) tube with rounded edges defined by a radius of curvaturer , four radii of curvature have been chosen:r < 0.01, r = 0.3, 1 and
4 mm.
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Fig. 2. (Left) Real part of termination impedance as a function of the frequency at very low amplitude.(− − −) theories for flanged (upper
and unflanged pipe (lower). (Right) Amplitude of the acoustical velocity at the open end around resonance frequency.

whereLi (i = 1,2) is the distance between the microphonei and the exit of the pipe. The termination impedance

Zend

Zc
= j H12sin(kL1)− sin(kL2)

cos(kL2)−H12cos(kL1)
(5)

The calibration of the microphones is done by means of a Bruel and Kjaer microphone mounted flush i
which closes the tube. The calibration data shows that the two microphones have the same sensitivity (less
of deviation) and are identical in phase (difference lower than 1◦). The measurement of a closed pipe allows u
estimate the accuracy of the experiment. The uncertainties are estimated to be less than 2× 10−3Zc on Re(Zend)

and less than 0.03a on δ.
A frequency sweep is made with the termination of radius of curvaturer = 4 mm for a low excitation amplitude

It is verified that the experimental results fit in between the two limit cases (Eq. (1)) of the unflanged a
infinitely flanged pipe as shown on Fig. 2. The resonance frequency of the whole system is found to be
f = 380 Hz which corresponds toka 
 0.056. The frequency of the source signal is then set to this value in
to obtain the maximum velocity at the open end. The acoustical Strouhal number is varied between 0.8 and 200 by
changing the source level.

In our study, at high sound pressure level, it has to be verified that the linear propagation hypothesis is s
By simulating the nonlinear propagation based on the Burgers equation [13], the linear propagation hypo
verified to be sensible: the error on the pressure amplitude is less than 0.025% and the phase difference is less th
0.12◦. This corresponds to an error on Re(Zend) which is less than 7× 10−5Zc and an error onδ which is less than
1.5× 10−3a. These are much lower than the measurement uncertainty.

4. Experimental results

Fig. 3 compares the experimental data for the real part and for the imaginary part (represented by th
correction) of the termination impedance for the five terminations described in Section 3. Theoretical pre
presented in Section 2 are plotted on the same figure.

The experimental data corresponding to the terminationr = 4 mm show that the real part of the terminati
impedance behaves approximately as the linear model given by equation 1 for acoustic velocities under/s.
For higher acoustic velocities, nonlinear losses appear implying a slight increase in the real part of the term
impedance. For a termination with a smaller radius of curvature (terminationr = 1 mm), the acoustic velocit
thresholdvnl below which the acoustic resistance (real part of the termination impedance) behaves as the r
impedance is around 7 m/s. If the radius of curvature is reduced again (terminationsr = 0.3 mm andr < 0.01 mm),
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Fig. 3. (Left) Real part of the termination impedance as a function of the amplitude of the acoustical velocity at the open end
five different terminations.(+) sharp edge; (✷) r < 0.01 mm; (∗) r = 0.3 mm; (�) r = 1 mm; (◦) r = 4 mm; (− · −) Eq. (2) with
β = 0.6; (· · ·) Eq. (3) with cd = 2; (− − −) Eq. (1) for flanged (upper) and unflanged pipe (lower). A second scale, used by Disse
and Van Wijngaarden [5], representing the adimensioned powerSt2Pend= 1

2(MSt)−1 Re(Zend/Zc) in function of inverse Strouhal numbe
is also indicated. (Right) Length correction of the tube for five different terminations.(+) sharp edge;(✷) r < 0.01 mm; (∗) r = 0.3 mm;
(�) r = 1 mm;(◦) r = 4 mm;(−−−) theories for flanged (upper) and unflanged pipe (lower);(−·−) semi-empirical value [14] correspondin
to the actual flange.

vnl diminishes. The smaller the radius of curvature, the lower the thresholdvnl . The sharp edge terminatio
experimental data show that the threshold appears to be much lower (less than 0.5 m/s). For velocities highe
than vnl , nonlinear losses increase linearly with the acoustical velocity as observed by Disselhorst a
Wijngaarden [5]. Moreover, the rate of increase of these losses also depend on the radius of curvatur
the radius of curvature decreases, the slope of the nonlinear losses increases.

The experimental data for the terminationr < 0.01 mm fit with the equation 3 (cd = 2) for velocities up to
10.6 m/s. Then, a discontinuity in the acoustic resistance occurs. The phase of the pressure signal mea
the microphones for this velocity is unstable. This was first suspected to be a measurement set-up artefa
phenomenon is reproducible. It has been observed with two different sources, different tube lengths and
frequencies. The same kind of discontinuity can be observed to a lesser extent with the terminationsr = 0.3 mm
and r = 1 mm. Notice that Peters et al. [6] have observed something similar they called “a strong dip
acoustic power absorption” at a value of the acoustical Strouhal number close toSt = 5. They indicate that “for
this Strouhal number vortices formed at the sharp edge of the pipe end travel during one period of the
field over a distance of the order of the wall thicknessd”. Fig. 3 shows that the discontinuity corresponds in
experiment toSt values between 1 and 2 depending on the termination. Increasing the flange of the tub
a collar decreases slightly the Strouhal number at which the discontinuities occur, typically for the term
r < 0.01 mm St < 0.1. The discontinuity on the measured termination impedance could be the signatu
transition between two different regimes of oscillation. Peube [15], in her experimental study of the op
of a pipe, observed experimentally different behaviours of the acoustical flow and in particular the app
of turbulence near the edges of the tube for a particular value of a Reynolds number based on the thic
the viscous boundary layerA/2π

√
f/ν 
 22 with A amplitude of the acoustic displacement andν kinematic

viscosity. In our experiment, we obtain values between 19 and 39 depending on the termination. Comple
measurements using visualisations techniques would be needed to analyse what happens around the disc

The experimental data for the so-called length correction are presented in Fig. 3. The theoretical valu
Eq. (1) and a semi-empirical value given by Dalmont et al. [14] for a 4.5 mm circular flange are also present
All the experimental data are within the limits of the existing theory. For acoustic velocities under 10/s,
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all the terminations have the same behaviour. Then, the length correction for the terminationr = 4 mm does
not change with increasing acoustic velocity whereas the other rounded termination length correction s
slightly decrease with the acoustic velocity. The sharp edge length correction increases with the acoustic
for acoustic velocities over 10 m/s. Discontinuities can be observed both in the real and imaginary part o
termination impedance for the same excitation level. Small discontinuities can also be observed on the im
part (for acoustical velocities of 9, 18 and 21 m/s) but these are lower than the measurement accuracy an
probably not relevant.

5. Conclusion

The experimental data presented here show the importance of the geometry of the open end of a tub
behaviour of the real part of the termination impedance. For high acoustic velocities, the radiation losses a
to the curve radius of the edges of the open end of a tube. The smaller the radius of curvature, the larger the
losses. On the contrary, the length correction of the tube do not depend significantly on the acoustic veloc
visualisations such as those done by Rockliff [16] or Duffourd et al. [17] using particle image velocimetry
could allow to understand what happens at the discontinuity.
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