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Abstract.  The study deals with nonlinear acoustical effects locdligthe open-end of a cylindrical
tube. The termination impedance is measured using a twaphione method. Due to the
separation of the acoustic flow at the pipe end, the real pahteotermination impedance
depends on the volume velocity at the open end. It is shownttlearadius of curvature
of the edges of the open end of the tube has a crucial influemebeoamplitude of the
nonlinear losses. Several regimes are shown for the lowafdurvature. (© 2003 Aca-
démie des sciences/Editions scientifiques et médicalesiElsSAS

acoustics / wave guide / radiation impedance / nonlinearity
Impédance terminale d’un tuyau cylindrique ouvert a fort wéau sonore

Résumé. L’étude porte sur les effets acoustiques non-linéairealisés a la sortie d’'un tube cylin-
drique. Des mesures de I'impédance terminale réaliséesidd' d'une méthode a deux
microphones montrent que les pertes - partie réelle de Bidagmce terminale - augmentent
avec la vitesse moyenne en sortie de tube. L'importancesipartes dépend fortement du
rayon de courbure des bords intérieurs a la sortie de tube. p&rtes peuvent étre inter-
prétées comme la conséquence de la séparation de I'écontleaneustique en sortie de
tube. Pour les faibles rayons de courbure, plusieurs régisant mis en évidenced) 2003
Académie des sciences/Editions scientifiques et médigkdesier SAS

acoustique / guide d’onde / impédance de rayonnement / niorédire

1. Introduction

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

These localised nonlinear effects are known for a long timthe case of an orifice. In 1935, Sivian
[2] studied the nonlinear behaviour of the acoustic resistaof an orifice. Ingard & Labate [3] presented
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visualisations of the flow field around an orifice subjectekigih-intensity sound. By measuring simultane-
ously sound pressure and flow velocity in an orifice, Ingargifd [4] concluded that the orifice resistance
is proportionnal to the acoustic velocity for high sound étage. More recently, Disselhorst & Van Wi-
jngaarden [5] observed the same behavior at the open encubka As for an orifice, the real part of the
termination impedance depends on the source sound leveéharehses with the acoustic velocity at the
open end. Moreover, the open end geometry is crucial in thésxpmenon. Peters et al. [6] studied the
losses at an open end using different geometries such aspestge, an unflanged pipe with thick walls or
a circular horn.

The aim of the present study is to investigate experimantad influence of the pipe termination geome-
tries, and especially the role of the radius of curvaturehefterminations, on the termination impedance.
In the next section, the existing theoretical results fertégrmination impedance are presented for the lin-
ear and the nonlinear case. In section 3. the experimerttg & described. Finally, the results of the
measurements for high sound amplitude are presented ansdexd in section 4. followed by a conclusion.

2. Theoretical results

In linear acoustics, the termination impedance of a tubelled radiation impedance. The acoustic
radiation impedance of a tube is a quantity definedZas= p/U wherep andU are respectively the
acoustical pressure and the acoustical volume velocitiieabpen end of a tube. The expression of the
linear radiation impedanc®, in the low frequency approximation is given by Levine & Schger [7] for
an unflanged pipe, Nomura et al. [8] for a pipe with an infiniéefe :

Zy _ | %(ka)* + jkéo unflanged pipgso = 0.6133a 1)
| L(ka)? + jkds infinitely flanged pipgls, = 0.8216a

whereZ. = poco/S is the characteristic impedance with air density,c, speed of sound anfl surface
area of the tubek = w/c¢y is the wave number being the angular frequenay,is the tube radiusj, and
dso the so-called end length correction for an unflanged tubeadtahged tube respectively. The real part
of the radiation impedance represents the radiation lodsremimaginary part represents the inertia.

When the amplitude of the acoustical velocity is high enqumginlinear effects appear at the end of an
open pipe : there is separation of the acoustic flow at the g@igeand formation of vortices. This effect
causes an increase of energy losses at the open end implyingraase in the real part of the termination
impedance. Harmonic distorsion can also appear. Stripthaking, impedance is defined for linear systems
s0, in the following, termination impedanég,,; is defined as the ratio between pressure and velocity at the
open end for the fundamental harmonic (first harmonic agpration). The acoustical parameter chosen
to characterise the phenomena are the acoustic Strouhdlerlrased on the tube radifis = wa /4 and
the acoustic Mach numb@érd = 4/cq, whered is the amplitude of the acoustic velocity averaged over the
cross sectional area of the open end. Disselhorst & Van \Wgrnden [5] and Peters et al. [6][9] modelled
the nonlinear behavior of an open pipe. The results foundisgdlhorst & Van Wijngaarden [5] for high
Strouhal numbers (equation 7.11) can be thought of as ati@ulitermZ,,; to the radiation impedance
sothatZep,g = Z, + Zyy -

an 1

Z. = B.M.St5. 2
The parametep is determined by means of numerical simulation. Disseth&r¥an Wijngaarden [5]
found values betweeh6 and1.0 and Peters & Hirschberg [9] found a value(o?.

For low Strouhal numbers, i.e. high amplitude of the aceaugtiocity, Peters et al. [6] (equation 5.26)
propose the use of a quasi-steady theory. During half a ghettie@ acoustic velocity is oriented out of the
tube and a jet-like outflow is assumed. During the secondd®albd, the acoustic velocity is oriented into
the tube and there is formation of a vena-contracta typeftavin The parametet;, which characterises

2



Termination impedance of open-ended cylindrical tubes at h igh sound pressure level

the vena contracta for different pipe end geometries, caintbeduced. The additional tertf,,; is then

given by
an QCd
= —M.
Z. 3T

cq is equal to2 for a thin-walled unflanged pipe and equally9 for a flanged pipe [10].

3. Setup and experimental procedure
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Figure 1: Experimental setup

3)

The experimental setup is drawn schematically in figure le fifeasurements have been carried out
using a copper tube of inner radius: 8 mm. The wall thickness of the tubeds= 1 mm. The fundamental
harmonic of the acoustic pressure in the pipe is measuredghsonous detection using acceleration
compensated piezo-electrical gauges (PCB model 106B)sdted source is a compression driver JBL
model 2446H and is located at one end of the tube. Five difféezminations can be mounted at the open
end of the tube (figure 2). The terminations geometries at@@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 eldtay their radius of curvatureand
presents a little flange (wall thickneds= 4.5 mm). Four radii of curvature have been chosen :

r <0.01,=0.3,1and 4 mm.

¢ the second type of termination, which tries to approximhaéttnflanged pipe termination with thin
wall, has a sharp edge with a bevel angle of 20° and corresgorttie case studied experimentally

by Disselhost & Van Wijngaarden [5] and Peters et al. [6]

r/ ‘u
/ ‘
| r !
/ \\ ”
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Figure 2: The two types of pipe termination geometeft) Tube with rounded edges defined by a radius
of curvaturer, four radii of curvature have been chosen« 0.01, r = 0.3, 1 and 4 mmright) 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 issfide to measure by means of a two
microphone method the pressures and velocities on anyageatithe tube assuming the plane wave hy-
pothesis (for references about this method and errors sinagee for example Bodén & Abom [11]). With
H,» = p»/p; ratio of pressures measured on two points of the tube, thesticovelocity at the open end is
given by :

_ .p1 Hizcos(kLy) — cos(kL>) @)
17T k(L - L)
whereL; (i = 1,2) is the distance between the micropharend the exit of the pipe. The termination
impedance is :
Zend _ H12 sin(kLl) — Sin(kLg) (5)
Z. J cos(kLy) — Hyzcos(kLy)’

The calibration of the microphones is done by means of a BEugher microphone mounted flush in a
wall which closes the tube. The calibration data shows tiatwo microphones have the same sensitivity
(less than 1% of deviation) and are identical in phase (diffee lower than 1°). The measurement of a
closed pipe allows us to estimate the accuracy of the expetinThe error oRe(Z.,.q) is estimated to be
less thar2.1073Z, and the one o# is estimated to be less thard3a.

A frequency sweep is made with the termination of radius o¥awrer = 4 mm for a low excitation
amplitude. It is verified that the experimental results fibetween the two limit cases of the unflanged [7]
and the infinitely flanged pipe [8] as shown on figure 3. Themasece frequency of the whole system is
found to bef = 380 Hz which corresponds tha ~ 0.056. The frequency of the source signal is then set
to this value in order to obtain the maximum velocity at themend. The acoustical Strouhal number is
varied between 0.8 and 200 by changing the source level.

oo1f

0.008
0,065

ReZerd2)

0,004

Amplitude of the acoustical velocity (m/s)

S0 w0 0 0 e o 385
Frequency Frequency

Figure 3:left) Real part of termination impedance as a function of the feegy at very low amplitude.
(— ——) theories for flanged (upper) and unflanged pipe (lowgght) Amplitude of the acoustical velocity
at the open end around resonance frequency.

4. Experimental results

Figure 4. compares the experimental data for the real pdrfarthe imaginary part (represented by the
length correction) of the termination impedance for the fireninations described in section 3. Theoretical
predictions presented in section 2. are plotted on the sayjueefi

The experimental data corresponding to the terminatien4 mm show that the real part of the termi-
nation impedance behaves approximately as the linear ngdeksh by equation 1 for acoustic velocities
under 10 m/s. For higher acoustic velocities, nonlineasdssappear implying a slight increase in the real
part of the termination impedance. For a termination witmalter radius of curvature (terminatien= 1
mm), the acoustic velocity threshold; below which the acoustic resistance (real part of the temtion
impedance) behaves as the radiation impedance is arounsl Tftve radius of curvature is reduced again
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Figure 4: left) Real part of the termination impedance as a function of thplitune of the acoustical
velocity at the open end for the five different terminatiof¥s) sharp edge(0) r < 0.0l mm;(x) r = 0.3
mm;(A)r=1mm;(o)r =4mm;(—-—)eq.2with3 =0.6; (---) eq.3 withcy = 2 ; (— ——) eq.1 for
flanged (upper) and unflanged pipe (lower). A second scaéal big Disselhorst & Van Wijngaarden [5],
representing the adimensioned powet P.,,; = 1 (M St)~' Re(Z.na/Z.) in function of inverse Strouhal
number is also indicated.

right) Length correction of the tube for five different terminasoii+) sharp edge (O0) » < 0.01 mm ;

(*) r =0.3mm;(A)r =1mm; (o) r =4 mm;(— — —) theories for flanged (upper) and unflanged pipe
(lower) ; (- - —) semi-empirical value [12] corresponding to the actual fiang

(terminationsr = 0.3 mm andr < 0.01 mm), v,,; diminishes. The smaller the radius of curvature, the
lower the threshold,;. The sharp edge termination experimental data show thahteshold appears to
be much lower (less than 0.5 m/s). For velocities higher thannonlinear losses increase linearly with
the acoustical velocity as observed by Disselhorst & Vam@éparden [5]. Moreover, the rate of increase
of these losses also depend on the radius of curvature. WWbeadius of curvature decreases, the slope of
the nonlinear losses increases.

The experimental data for the termination< 0.01 mm fit with the equation 3¢; = 2) for velocities
up to 10.6 m/s. Then, a discontinuity in the acoustic rest#aoccurs. The phase of the pressure signal
measured on the microphones for this velocity is unstaliiés Was first suspected to be a measurement set-
up artefact but the phenomenon is reproducible. It has blesereed with two different sources, different
tube lengths and several frequencies. The same kind ofrdtiscity can be observed to a lesser extent
with the terminations = 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 apton” at a value of the acoustical Strouhal
number close t&t = 5. They indicate that “for this Strouhal number vortices fedrat the sharp edge of
the pipe end travel during one period of the acoustic field ewdistance of the order of the wall thickness
d’. Figure 4. shows that the discontinuity corresponds in experiment toSt values between 1 and
2 depending on the termination. Increasing the flange ofube using a collar decreases slightly the
Strouhal number at which the discontinuities occur, tylhydar the terminations < 0.01 mmASt < 0.1.
The discontinuity on the measured termination impedancéddoe the signature of a transition between
two different regimes of oscillation. J. Peube [13], in heperimental study of the open end of a pipe,
observed experimentally different behaviours of the aticalsflow and in particular the appearance of
turbulence near the edges of the tube for a particular val@aeReynolds number based on the thickness
of the viscous boundary layet/27/f/v ~ 22 with A amplitude of the acoustic displacement and
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kinematic viscosity. In our experiment, we obtain valuesveen 19 and 39 depending on the termination.
Complementary measurements using visualisations tegbsigjould be needed to analyse what happens
around the discontinuities.

The experimental data for the so-called length correctierpeesented in figure 4.. The theoretical values
from equation 1 and a semi-empirical value given by Dalmarat.e[12] for a4.5 mm circular flange are
also presented. All the experimental data are within thésiof the existing theory. For acoustic velocities
under 10 m/s, all the terminations have the same behaviten,the length correction for the termination
r = 4 mm doesn’'t change with increasing acoustic velocity whetka other rounded termination length
correction seems to slightly decrease with the acoustmcityl The sharp edge length correction increases
with the acoustic velocity for acoustic velocities over 1 mDiscontinuities can be observed both in the
real and imaginary part of the termination impedance forsthime excitation level. Small discontinuities
can also be observed on the imaginary part (for acoustitatiies 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 importarthe geometry of the open end of a tube on
the behaviour of the real part of the termination impedaRoehigh acoustic velocities, the radiation losses
are linked to the curve radius of the edges of the open endutifea fThe smaller the radius of curvature, the
larger the nonlinear losses. On the contrary, the lengttection of the tube do not depend significantly on
the acoustic velocity. Flow visualisations such as thoseediy Rockliff [14] or Duffourd et al. [15] using
particle image velocimetry (PIV) could allow to understavitat happens at the discontinuity.

AcknowledgementsThe authors would like to thank S. Collin for the machiningla# terminations and D. Skulina
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