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Based on physical models of musical instruments and of the human voice, a new generation of
sound synthesizers is born: virtual instruments. The models used for wind instruments are simple
feedback loops in which a nonlinear sound source drives a linear filter representing the pipe of the
instrument. While very rewarding musical sounds have been obtained with these models, it has
become obvious that some essential phenomena escape such a description. In particular the
brightness of the sound generated by trombones is expected to be due to the essential nonlinearity
of the wave propagation in the pipe. At fortissimo levels this leads to shock wave formation
observed in our experiments both from pressure measurements and flow visualization. A modest
modification of the physical model could already take this phenomenon into account. The key idea
is that the nonlinear effect is essential for the transfer of sound from the source toward the listener,
but can be ignored in a model of the generation of the pipe oscillation49@5 Acoustical Society

of America.

PACS numbers: 43.75.Fg

Wind instruments are currently described as feedbackneasurements of the amplitude dependency of the transfer
systems in which a nonlinear amplifier, the sound sourcefunction of a trombone by BeauchampBeauchamphad
drives a linear filter, the pipk.Highly simplified physical some doubt about his data, in particular the analog tape re-
models of the clarinet and of the violin based on the methoaorder which had been used.
proposed by Mc Intyrest al? have demonstrated that musi- The trombone used in our experiments is shown in Fig.
cally interesting signals could be obtained by caricatured. In particular we indicate the position of the microphones.
which require only a modest computational power to pro-The first microphone is placed in the mouthpiece. The sec-
duce sound in real time. The first commercial “virtual instru- ond microphone is placed at the end of the cylindrical part of
ments” based on this principle were welcomed last year ashe pipe. The third microphone is placed at the horn exit. We
musically very rewarding.These models are obviously also used piezoelectric gaugéKistler 603-A) with correspond-
useful as design tools for the craftsmen of conventional muing charge amplifier¢éKistler-type 5007, bandwidth 1 Hzf
sical instruments. Even more simplified “sourceffilter” mod- <180 kH2 for the internal pressure measurements and a
els, in which the feedback from the filter toward the source isl/8-in. BK condenser microphone with corresponding elec-
ignored, allow a considerable data compression of the speedtonics outside the pipe. This in combination with modern
signal in telecommunication. Better physical models of bothelectronic registration guarantees the linearity and the band-
wind instruments and of the human voice production wouldwidth necessary in order to observe shock waves. Our ex-
certainly be welcome for a wide range of applications. perimental results, shown in Figs. 2 and 3, confirm a violent

The nonlinearity of the oscillator is a key aspect whichnonlinear behavior of a trombone and provide an indication
is essential to reach steady oscillations in a feedback systefar the cause of the brightness of related brass instruments
and to determine the perceptive quality of the sobile  played at fortissimo levels. We observe the formation of
focus in this paper on the hypothesis of a linear response aftepwise pressure jumps. For the fortissimo Ig¥el of the
the pipe which has already been subject to controversy in thkigher note shown in Fig.(B), the pressure-rise time corre-
recent past. Backus and Hundlagport an essentially linear sponds to the travel time of the wave on the surface of the
transfer function between the mouthpiece pressure fluctuanicrophone.
tions of an artificially blown trumpet and the radiated sound  As we will explain further on, the nonlinearity in the
field at the listener position. Only a few percent second hartransfer function depends crucially on a primary nonlinearity
monic generation by nonlinear distortion were observed abf the source. The flow control by the lip—mouthpiece com-
the highest levels. These results were contradicted by latdsination results in a particularly sharp pressure rise during
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neck sure signals are dominated by much lower frequencies than
our signals. Their signals do not display such high-pressure
rise rates §p,,/t) max @s the signals we have measured. The
160-dB mouth pressure amplitudes reported by Backus and
Hundley in their experiments, correspond to oscillation am-
plitudes of about 3 kPa. This is much lower than our pressure
fluctuations as shown in Figs. 2 and 3. Also Backus and
Hundley report measurements on a trumpet which can have a
much shorter pipe than our trombone.

Now we can also rationalize the behavior of the pipe of
the clarinet which we described earl#The reed channel of
a clarinet is always much smaller than the pipe cross-
sectional area. The flow therefore is always controlled by the
reed movement. In addition to this, the lay of the mouthpiece
of a clarinet is curved in such a way that the reed closes
gradually, the flow is never interrupted abruptly. This results
in a fairly sinusoidal oscillation of the pressure in the mouth-
piece, even at fortissimo levels. Even though the oscillation
amplitudes were comparable to those found in the trombone,
we found a very reasonable prediction of a linear model for
the transfer of sound from the pipe to the listener in the case
of a clarinett! We could not even observe the nonlinearities
which certainly occur, for low pitches at fortissimo levels as
FIG. 1. A shematic representation of the trombone used in our experiment® "€Sult of vortex shedding at the pipe end and tone Hles.
(A. Courtois trombone type 155, A. Courtois mouthpiece type 10 Rith The very strong nonlinearity of the acoustical drive of
4 e o ot e o o popenile ambone alfeacl explains much of the abserved difer
is specified. The pressurgs, in the mouthpiece ang, at the g of the rér_u:e between the sounds of the clarinet and of the trombone.
cylindrical pipe section have been measured by means of acceleration conrdimple models as proposed by Strohglready generate
pensated piezoelectrical gagé€istler 603-A) coated with a 0.1-mm sili-  typical brass sounds but certainly not the specific brightness

cone layer to avoid thermal effects. The bandwidth of the filters of theof the sound at fortissimo levels. This effect is controlled by
charge amplifiers was 1 Hzf <180 kHz. An additional condensator micro-

phone with a comparable bandwidtBK 1/8 in.) measures the acoustical the nonlinear wave propagation in the pipe which we discuss
pressurep;, at 4.5 cm from the horn exit on the axis. now.

Since the most relevant high frequencies are very effi-
ciently radiated away at the horn, we neglect reflection at the
%'pe termination. We therefore can assume the propagation
Pf a simple wave into a uniform region. Starting from the
measured mouthpiece pressyrg(t) and assuming a fric-
tionless simple wave propagation along a pipe of uniform
cross section, we can obtain an analytical prediction of the
wave distortion. The calculation is based on the classical
method of characteristic4.Due to the increase in speed of
soundc with the temperature and the convective effects, the

stant during much of the cycle, remaining close to the play-tOp of the compression side of a wave tend to catch up with

ers driving pressure. This is due to the fact that the aperturgletfoott. of the l/va;;]e. It appee;rs thaLthg ratio ol[?thg pretssure
between the lips is large compared to the neck of the mouths Jctuationspy, 1o theé mean atmospheric presstig 1S no

piece shown in Fig. 1: the neck controls the flow. The pres:[he relevant parameter to judge the severity of the nonlinear

sure varies suddenly during the short time intervals in whictPteepening. Theory predicts that for distardarger than the

the lips take the flow control over because they close com(—:r't'c‘ell distancex given by

pletely. This results in the characteristic strong negative pres- 2yP,C
sure pulses observed in Fig. 2. This effect becomes stronger Xs= ,
with increasing playing level. The details of the collision of [ (P! )mad
the lips at closure is certainly critical. In voiced speechwhere y=1.4 is the Poisson constant, a shock wave is
productiorf or in double-reed instrumeritsmost of the ra- formed. The pressure profile predicted by integration along
diated high-frequency sound is generated in the closingharacteristics becomes multiple valued. The position and
phase of the “reed” movement. In contrast to this we will seestrength of this shock can be estimated from this multiple
that for the trombone the crucial phase of the cycle is thevalued solution within the framework of a frictionless theory
opening of the lips, corresponding to the compression phasas, for example, the weak shock the&hy® The shock path
in Pm- in a (x,t) diagram is along the bisectrix of the angle formed
It appears that Backus and Hundley’s mouthpiece presby two characteristics of the same family which intersect in

mouthpiece

P

, shock wave
microphone

the oscillation. It is this compression phase which by nonlin
ear wave propagation generates a shock wave. We now try
understand why this occurs in a trombone while it does no
occur in most instruments.

A simple explanation for the generation of this highly
nonsinusoidal mouthpiece presspighas been proposed for
the trumpet by Backus and Hundfegnd for the trombone
by Elliot and Bowshef.As shown in Fig. 2 for a low pitch,
the observed mouthpiece pressure sigmalis rather con-

@
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mouthpiece pressure p, horn exit pressure py,
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the region of multiple value solutions. The weak shock speedisualization obtained with a Nanolite spark discha(g§é
is the mean value of the speed of the two intersecting chamns) indicates again a very sharp wave front at exit of the horn
acteristics. Equatiofil) gives the first point of the shock path (see Fig. 1L This wave of at most a millimeter thickness
from which the shock path can be integrated numerically. corresponds to the sharp pulse in the pressure sjgndke-
Even for the weak shocks which we expect here, shockected by the microphongsee Fig. 3. Shock waves are cer-
waves certainly correspond to a dramatic amount of highainly formed in a trombone under typical playing condi-
frequencies in the radiated sound: a bright “metallic” sound.tions. We also expect that nonlinear wave propagation is
As X, is determined by dp,/dt) nax We understand the im- musically relevant for the trumpet.
portance of the initial nonlinearity of the source which we It is interesting to note that “bright” instruments such as
discussed above. the trumpet and the trombone are different from brass instru-
Using data shown in Figs. 2 and 3 we see by using thenents such as Saxhorns or Heigorns. The bright instru-
formula for x that shock waves can be expected at the forments have a cylindrical pipe segment just downstream of
tissimo level because the cylindrical pipe segment in thehe mouthpiece. The conical bore of the Saxhorns implies a
trombone(2 to 3 m is longer tharx,. Indeed in Fig. 3 we faster decay of the wave which reduces the nonlinear wave
see pressure discontinuities in the pressure signal measurstéepening. This seems to confirm that the brightness is as-
at the end of this cylindrical pipe segment. Schlieren flowsociated with shock wave formation.
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The essential role of the cylindrical portion of the bore avoid numerical problems with the shock waves. This type of
and the strong increase of radiation efficiency with the fre-carricature is simple enough so that it could be implemented
guency are the important components in a simple explanan a virtual instrument.
tion of this effect. As high frequencies are not reflected at the
pipe termination they do not contribute to the regeneration ockNOWLEDGMENTS
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the pipe taking into account at least the eight first resonances ~This collaboration between various institutes has been
should be able to describe the lip oscillation. Once the lignade possible by the support of the French Research Council
movement is known, the calculated mouthpiece pressur€"NRS, the Dutch Research Coun¢NWO) and the French
could be used for a nonlinear propagation model. In thighmbassy in Den Haag.
model the mouthpiece pressure would drive a simple wave
into a cylindrical bore. Weak shock theory can be used toN. H. Fletcher and T. D. Rossing;he Physics of Musical Instruments
predict the shock wave, if relevant. The calculated pressurg (Springer-Verlag, NeWSYOr:k, 19?]1 . " con th "
signal a the end o the cyiindrical bore would then be radi-"\L & HETOre . T Serumscher s, veediouse, 07 e scle
ated away by a linear model of the horn. Filtering would be s - gigeout, “yamaha VL1 virtual acoustic synthesizer,” Keybod@l
used to keep the relevant audio range of frequency and t0104-118(June 1994

1757 J. Acoust. Soc. Am., Vol. 99, No. 3, March 1996 Hirschberg et al. : Shock waves in trombones 1757



4J. Backus and T. C. Hundley “Harmonic generation in the trumpet,” J. 1*A. Hirschberg, J. Gilbert, A. P. J. Wijnands, and A. M. C. Valkering,
Acoust. Soc. Am49, 509-519(1977). “Musical aero-acoustics of the clarinet,” J. Phys. IV, Colloc,59-568
5J. Beauchamp, “Analysis of simultaneous mouthpiece and output wave- (1994).
6me”IS," Audio Engineering Society preprint No. 1625?80- 23, H. M. Disselhorst and L. van Wijngaarden, “Flow in the exit of open
J. Beauchamp, Wind instrument transfer response,” paper presented at pipes during acoustic resonance,” J. Fluid Me8B, 293-319(1980.
7the ASA meetmg, SeattIéLQgO._ . 13w, J. Strong and D. J. Dudley, “Simulation of a player-trumpet system,”
J. Beauchamfjprivate communication, 1990 . ; ) .
8 . “ S L . in Proceedings of the Stockholm Musical Acoustics ConferéBtAC
S. J. Elliott and J. M. Bowsher, “Regeneration in brass wind instruments, 93) (Roval Swedish Acad f Music. Stockholm. 19940, 79
J. Sound Vib.83, 181-217(1982. 52)0( 5‘;3"13 wedish Academy of Music, Stockholm, 139o. 79, pp.
Y- _ .

9X. Pelorson, A. Hirschberg, R. R. van Hassel, A. P. J. Wijnands, and 14 . . . . .
Auregan, “Theoretical and experimental study of quasisteady-flow sepa- A+ D- Pierce,Acoustics(Acoustical Society of America, Woodbury, NY,

ration within the glottis during phonation,” J. Acoust. Soc. A8, 3416— 1989, 2nd ed.

3431(1994. 15p. Crighton, A. P. Dowling, J. E. Ffowcs Williams, M. Heckl, and F. G.
1A, Ya. Gokhshtein, “Self-vibration of finite amplitude in a tube with a  Leppington, Modern Mathematical Methods in AcoustidSpringer-

reed,” Sov. Phys. Dokl24, 739-741(1979. Verlag, London, 1992

1758 J. Acoust. Soc. Am., Vol. 99, No. 3, March 1996 Hirschberg et al. : Shock waves in trombones 1758



