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Abstract. The study deals with nonlinear acoustical effects localised at the open-end of a cylindrical
tube. The termination impedance is measured using a two microphone method. Due to the
separation of the acoustic flow at the pipe end, the real part of the termination impedance
depends on the volume velocity at the open end. It is shown that the radius of curvature
of the edges of the open end of the tube has a crucial influence on the amplitude of the
nonlinear losses. Several regimes are shown for the low radii of curvature. c 2003 Aca-
démie des sciences/Éditions scientifiques et médicales Elsevier SAS

acoustics / wave guide / radiation impedance / nonlinearity

Impédance terminale d’un tuyau cylindrique ouvert à fort niveau sonore

Résumé. L’étude porte sur les effets acoustiques non-linéaires localisés à la sortie d’un tube cylin-
drique. Des mesures de l’impédance terminale réalisées à l’aide d’une méthode à deux
microphones montrent que les pertes - partie réelle de l’impédance terminale - augmentent
avec la vitesse moyenne en sortie de tube. L’importance de ces pertes dépend fortement du
rayon de courbure des bords intérieurs à la sortie de tube. Les pertes peuvent être inter-
prétées comme la conséquence de la séparation de l’écoulement acoustique en sortie de
tube. Pour les faibles rayons de courbure, plusieurs régimes sont mis en évidence.c 2003
Académie des sciences/Éditions scientifiques et médicalesElsevier SAS

acoustique / guide d’onde / impédance de rayonnement / non-linéaire

1. Introduction

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

These localised nonlinear effects are known for a long time in the case of an orifice. In 1935, Sivian
[2] studied the nonlinear behaviour of the acoustic resistance of an orifice. Ingard & Labate [3] presented
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visualisations of the flow field around an orifice subjected tohigh-intensity sound. By measuring simultane-
ously sound pressure and flow velocity in an orifice, Ingard & Ising [4] concluded that the orifice resistance
is proportionnal to the acoustic velocity for high sound amplitude. More recently, Disselhorst & Van Wi-
jngaarden [5] observed the same behavior at the open end of a tube. As for an orifice, the real part of the
termination impedance depends on the source sound level andincreases with the acoustic velocity at the
open end. Moreover, the open end geometry is crucial in this phenomenon. Peters et al. [6] studied the
losses at an open end using different geometries such as a sharp edge, an 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 geome-
tries, and especially the role of the radius of curvature of the terminations, on the termination impedance.
In the next section, the existing theoretical results for the termination impedance are presented for the lin-
ear and the nonlinear case. In section 3. the experimental setup is described. Finally, the results of the
measurements for high sound 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
radiation impedance of a tube is a quantity defined asZr = p=U wherep andU are respectively the
acoustical pressure and the acoustical volume velocity at the open end of a tube. The expression of the
linear radiation impedanceZr in the low frequency approximation is given by Levine & Schwinger [7] for
an unflanged pipe, Nomura et al. [8] for a pipe with an infinite flange :ZrZ = ( 14 (ka)2 + jkÆ0 unflanged pipe; Æ0 = 0:6133a12 (ka)2 + jkÆ1 infinitely flanged pipe; Æ1 = 0:8216a (1)

whereZ = �00=S is the characteristic impedance with�0 air density,0 speed of sound andS surface
area of the tube,k = !=0 is the wave number! being the angular frequency,a is the tube radius,Æ0 andÆ1 the so-called end length correction for an unflanged tube anda flanged tube respectively. The real part
of the radiation impedance 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
open pipe : there is separation of the acoustic flow at the pipeend and formation of vortices. This effect
causes an increase of energy losses at the open end implying an increase in the real part of the termination
impedance. Harmonic distorsion can also appear. Strictly speaking, impedance is defined for linear systems
so, in the following, termination impedanceZend is defined as the ratio between pressure and velocity at the
open end for the fundamental harmonic (first harmonic approximation). The acoustical parameter chosen
to characterise the phenomena are the acoustic Strouhal number based on the tube radiusSt = !a=û and
the acoustic Mach numberM = û=0, whereû is the amplitude of the acoustic velocity averaged over the
cross sectional area of the open end. Disselhorst & Van Wijngaarden [5] and Peters et al. [6][9] modelled
the nonlinear behavior of an open pipe. The results found by Disselhorst & Van Wijngaarden [5] for high
Strouhal numbers (equation 7.11) can be thought of as an additional termZnl to the radiation impedance
so thatZend = Zr + Znl : ZnlZ = �:M:St 13 : (2)

The parameter� is determined by means of numerical simulation. Disselhorst & Van Wijngaarden [5]
found values between0:6 and1:0 and Peters & Hirschberg [9] found a value of0:2.

For low Strouhal numbers, i.e. high amplitude of the acoustic velocity, Peters et al. [6] (equation 5.26)
propose the use of a quasi-steady theory. During half a period, the acoustic velocity is oriented out of the
tube and a jet-like outflow is assumed. During the second halfperiod, the acoustic velocity is oriented into
the tube and there is formation of a vena-contracta type of inflow. The parameterd, which characterises
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the vena contracta for different pipe end geometries, can beintroduced. The additional termZnl is then
given by ZnlZ = 2d3� M: (3)d is equal to2 for a thin-walled unflanged pipe and equal to13=9 for a flanged pipe [10].

3. Setup and experimental procedure
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Figure 1: Experimental setup

The experimental setup is drawn schematically in figure 1. The measurements have been carried out
using a copper tube of inner radiusa = 8 mm. The wall thickness of the tube isd = 1 mm. The fundamental
harmonic of the acoustic pressure in the pipe is measured by synchronous detection using acceleration
compensated piezo-electrical gauges (PCB model 106B). Thesound source is a compression driver JBL
model 2446H and is located at one end of the tube. Five different terminations can be mounted at the open
end of the tube (figure 2). The terminations geometries are oftwo types and have been 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 a 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
wall, has a sharp edge with a bevel angle of 20˚ and corresponds to the case studied experimentally
by Disselhost & Van Wijngaarden [5] and Peters et al. [6]
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Figure 2: The two types of pipe termination geometry.left) 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.right) Tube with
a sharp edge defined by a bevel angle of 20˚.
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This setup is placed in the middle of an anechoic room. It is possible to measure by means of a two
microphone method the pressures and velocities on any section of the tube assuming the plane wave hy-
pothesis (for references about this method and errors analysis, see for example Bodén & Åbom [11]). 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 p1Z H12 os(kL1)� os(kL2)sin k(L1 � L2) ; (4)

whereLi (i = 1; 2) is the distance between the microphonei and the exit of the pipe. The termination
impedance is : ZendZ = j H12 sin(kL1)� sin(kL2)os(kL2)�H12 os(kL1) : (5)

The calibration of the microphones is done by means of a Bruel& Kjaer microphone mounted flush in a
wall which closes the tube. The calibration data shows that the two microphones have the same sensitivity
(less than 1% of deviation) and are identical in phase (difference lower than 1˚). The measurement of a
closed pipe allows us to estimate the accuracy of the experiment. The error onRe(Zend) is estimated to be
less than2:10�3Z and the one onÆ is estimated to be less than0:03a.

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 inbetween the two limit cases of the unflanged [7]
and the infinitely flanged pipe [8] as shown on figure 3. The resonance frequency of the whole system is
found to bef = 380 Hz which corresponds toka ' 0:056. The frequency of the source signal is then set
to this value in order 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.
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Figure 3: 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.

4. Experimental results

Figure 4. compares the experimental data for the real part and for the imaginary part (represented by the
length correction) of the termination impedance for the fiveterminations described in section 3. Theoretical
predictions 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 termi-
nation impedance behaves approximately as the linear modelgiven by equation 1 for acoustic velocities
under 10 m/s. For higher acoustic velocities, nonlinear losses appear implying a slight increase in the real
part of the termination impedance. For a termination with a smaller radius of curvature (terminationr = 1
mm), the acoustic velocity thresholdvnl below which the acoustic resistance (real part of the termination
impedance) behaves as the radiation impedance is around 7 m/s. If the radius of curvature is reduced again
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Figure 4: left) Real part of the termination impedance as a function of the amplitude of the acoustical
velocity at the open end for the five different terminations.(+) sharp edge ;(2) r < 0:01 mm ; (�) r = 0:3
mm ; (4) r = 1 mm ; (Æ) r = 4 mm ; (���) eq.2 with� = 0:6 ; (� � � ) eq.3 withd = 2 ; (���) eq.1 for
flanged (upper) and unflanged pipe (lower). A second scale, used by Disselhorst & Van Wijngaarden [5],
representing the adimensioned powerSt2Pend = 12 (MSt)�1Re(Zend=Z) in function of inverse Strouhal
number is also indicated.
right) Length correction of the tube for five different terminations. (+) sharp edge ;(2) r < 0:01 mm ;(�) r = 0:3 mm ; (4) r = 1 mm ; (Æ) r = 4 mm ; (���) theories for flanged (upper) and unflanged pipe
(lower) ; (� � �) semi-empirical value [12] corresponding to the actual flange.

(terminationsr = 0:3 mm andr < 0:01 mm), vnl diminishes. The smaller the radius of curvature, the
lower the thresholdvnl. The sharp edge termination experimental data show that thethreshold appears to
be much lower (less than 0.5 m/s). For velocities higher thanvnl, nonlinear losses increase linearly with
the acoustical velocity as observed by Disselhorst & Van Wijngaarden [5]. Moreover, the rate of increase
of these losses also depend on the radius of curvature. When 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 (d = 2) for velocities
up to 10.6 m/s. Then, a discontinuity in the acoustic resistance occurs. The phase of the pressure signal
measured on the microphones for this velocity is unstable. This was first suspected to be a measurement set-
up artefact but the phenomenon is reproducible. It has been observed with two different sources, different
tube lengths and several frequencies. The same kind of discontinuity can be observed to a lesser extent
with the terminationsr = 0:3 mm andr = 1 mm. Notice that Peters et al. [6] have observed something
similar they called “a strong dip in the 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 acoustic field over a distance of the order of the wall thicknessd”. Figure 4. shows that the discontinuity corresponds in ourexperiment toSt values between 1 and
2 depending on the termination. Increasing the flange of the tube using a collar decreases slightly the
Strouhal number at which the discontinuities occur, typically for the terminationr < 0:01 mm�St < 0:1.
The discontinuity on the measured termination impedance could be the signature of a transition between
two different regimes of oscillation. J. Peube [13], in her experimental study of the open end of a pipe,
observed experimentally different behaviours of the acoustical flow and in particular the appearance of
turbulence near the edges of the tube for a particular value of a Reynolds number based on the thickness
of the viscous boundary layerA=2�pf=� ' 22 with A amplitude of the acoustic displacement and�
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kinematic viscosity. In our experiment, we obtain values between 19 and 39 depending on the termination.
Complementary measurements using visualisations techniques would be needed to analyse what happens
around the discontinuities.

The experimental data for the so-called length correction are presented in figure 4.. The theoretical values
from equation 1 and a semi-empirical value given by Dalmont et al. [12] for a4:5 mm circular flange are
also presented. All the experimental data are within the limits of the existing theory. For acoustic velocities
under 10 m/s, all the terminations have the same behaviour. Then, the length correction for the terminationr = 4 mm doesn’t change with increasing acoustic velocity whereas the other rounded termination length
correction seems to slightly decrease with the acoustic velocity. The sharp edge length correction increases
with the acoustic velocity for acoustic velocities over 10 m/s. Discontinuities can be observed both in the
real and imaginary part of the termination impedance for thesame excitation level. Small discontinuities
can also be observed on the imaginary part (for acoustical velocities of 9, 18 and 21 m/s) but these are lower
than the measurement accuracy and are probably not relevant.

5. Conclusion

The experimental data presented here show the importance ofthe geometry of the open end of a tube on
the behaviour of the real part of the termination impedance.For high acoustic velocities, the radiation losses
are linked to the curve radius of the edges of the open end of a tube. The smaller the radius of curvature, the
larger the nonlinear losses. On the contrary, the length correction of the tube do not depend significantly on
the acoustic velocity. Flow visualisations such as those done by Rockliff [14] or Duffourd et al. [15] using
particle image velocimetry (PIV) could allow to understandwhat happens at the discontinuity.
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