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Non-linear characteristics of single reed instrutaemuasi-static volume flow and reed
opening measurements.

Jean-Pierre Dalmont, Joél Gilbert, Sébastien @ltjMatthieu Blondet

Laboratoire d’Acoustique de I'Université du MaindylR CNRS 6613
Avenue Olivier Messiaen, 72085 Le Mans Cedex Méea

1. Introduction

Sound production in reed wind instruments is trsellteof self-sustained oscillations.
A mechanical oscillator, the reed, acts as a vallieh modulates the air flow entering into
the mouthpiece. The destabilisation of the meclsretement is the result of a complex
aeroelastic coupling between the reed, the air flow the instrument driven by the mouth
pressure of the musician, and the resonant acdiisticin the instrument itself. Following
Mcintyre et al. (1983), wind instruments can becdégd in terms of lumped model formed
by a closed feedback loop operating as a selfisiestaoscillator. In their model the loop is
made up with two elements, a lumped non-linear efgm- the mouthpiece - and a linear
passive element - the resonator, that is the im&ni itself. The modelling and the
measurement of the resonator has been extenstieljed since Bouasse (1929) by many
authors (see for example references in Nederve¥8, Ior Fletcher and Rossing, 1998). On
the contrary, the non-linear element has only riigéreen the subject of thorough studies
(see for example the review given by Hirschberd@5)%nd the knowledge of this elements
action is considerably less than that of the remwndahe non-linear element can be defined
by a relationship between the pressure differeccesa the reed and the volume flow at the
inlet of the pipe of the instrument. Assuming a sitsdatic response of the reed which
neglects inertia and damping, the volume flow igstlan explicit function of the pressure
difference. This function is called the characterssof the reed. Most authors converge on an
elementary model of the characteristic presenteskation 2.1 (Wilson and Beavers, 1974 ;

Fletcher, 1979 ; Fletcher 1993 ; Saneyoshi etl@87 ; Kergomard 1995 ; Kergomard et al.



2000 ; Ollivier et al. 2002). It is based on a aisiationary model of the air flow through the
mouthpiece, and on a mechanical model of the resmdissed respectively in sections 2.2 and
2.3. The aim of the present paper is to obtain exygatal data for the non-linear element in
order to check the validity of the elementary modal to find realistic values of the
parameters useful for physical modelling synthe$ise data may also give information
helpful for the understanding of the physical phraeoa involved.

In the present paper, a method for measuring ttagacteristics is proposed, the
measurements being done in quasi-stationary conditiThe dynamic aspects related to the
reed are not considered in the present paper. Tdsgsects are certainly not negligible with
regard to the spectrum of the instrument (Thomsk8v9). However when the playing
frequency is small compared to the reed resonamcpiéncy, it has been shown that these
aspects are not essential from the strict poinview of the auto-oscillation (Wilson and
Beavers, 1974 ; Dalmont et al., 1995). For the erpnts an artificial blowing machine is
used (section 3.1). To perform the volume flux nieasents, a constriction (diaphragm) is
used as a pressure reducing element for a diffatgessure flowmeter (section 3.2). The
diaphragm takes the place of the resonator. Themaalvantage of such a device is that the
diaphragm also plays the role of a non-linear dieofingard and Ising, 1967) which thwarts
a possible standing wave in the mouthpiece. Osoifla of the reed are thus in most cases
impeded and avoided if the diaphragm is well cho3é&rs makes it possible the measurement
of the complete characteristics of real clarineuthpieces. The choice and dimensions of the
diaphragm which depends on the reed propertiesliaoeissed section 3.3. The diaphragm
does not induce additional sensors for the pressemsors used other than those commonly
present in an artificial mouth. In addition to fi@v measurement, the opening of the reed is
measured optically. Then the measurements of #eopening and of the pressure difference

across the reed gives information on the evolubibtihe reed stiffness which is important for



the understanding of the quasi-static reed mecharkor obtaining relevant results, an
accurate calibration of the sensors has to be didnes a specific experimental procedure has
been developed which is discussed in section ¥bme typical experimental results are
presented section 4.1. Section 4.2 and 4.3 areséocan two aspects of the mechanics of the
reed, viscoelasticity and stiffness respectivelgcttdn 4.4 is dedicated to the flow aspects.
Finally in section 4.5 typical values of the paréene of the model are summarized and the

accuracy of their determination is discussed.

2. State of art

2.1. Elementary modé

Backus (1963) has presented the first measurenoénk® characteristics of a single
reed instrument under steady flow conditions. Thannresult of Backus is a non-linear
expression relating the volume flow through the reed and two variables : the pressure
difference AP across the reed, and the openidgbetween the tip of the reed and the
mouthpiece. The pressure different across the reed is equal to the mouth pressyre P
minus the pressure in the mouthpiege Backus fitted the experimental data by meansof a

43 and toH?*. There are good arguments to

expression in whiclu is proportional to 4AP)
abort Backus formula (Hirschberg et al., 1990, ¢titserg, 1995) and most flow models are
now based on the stationary Bernoulli equation $@filand Beavers, 1974 ; Fletcher, 1979 ;

Saneyoshi et al., 1987 ; Fletcher 1993) which sttitat the volume fluk) in the reed channel

is given by :
U =wH |—, 1)

wherew is the width of the reed channel, gmd the air density.



The steps leading to equation (1) are summarisaditsghberg (1995). A reasonable
prediction of the flow through the reed channalbained by assuming flow separation at the
neck of the flow channel (figure 1a). For a uniforeed channel of heiglit the pressure in
the reed channel is equal to the pressure in thehp@ce. Assuming a turbulent dissipation
of the kinetic energy in the jet without pressueeavery and neglecting friction in the reed

channel we find, from Bernoulli equation, the vetp, :

Vo = - (2)
0

Multiplying w, by the jet cross sectid provides a prediction for the volume flow entering
into the mouthpiece. If there are rounded cornétbainlet of the reed channel as in figure
1b for example), it is furthermore assumed thajeheross sectiof is equal tovH, wherew

is independent oH. The motion of the reed determines the openingsesestion area and

controls the volume flow entering in the mouthpiece

FIG. 1. (&) Flow control by the clarinet reed involving free jet formation and turbulent

dissipation. (b) A two dimensional model of the reed channel geometry and expected flow.

Assuming the mechanical response of the reed toetleced to its stiffness (see

section 2.3 for discussion) the variation of thedrepeningy = Hy - H , whereH is the reed
opening andHg the reed opening in the absence of flow, is pripaal to the pressure

differenceAP across the reed :

_ AP
y=2F 3)



wherek is a stiffness per unit area. Equation (3) is megimi until H is equal zero (reed
blocked on the lay). This corresponds to a limiued?, of the pressure differendd” given
by :

Pu =kHg. 4)
If the pressure difference is larger tiy the reed closes the opening and no flow entéos in

the mouthpiece. Finally the volume flow can be written as a function of the pressure

differencedP :
U=wH, - 2Py 2P _ b a-2Py 2P it apen,
k 0 Py p . (5
U=0 if  AP>R,

This non-linear characteristics is displayed fig@reNotice that there is a strong localised

non-linearity in the characteristic model around glarticular value of the pressure difference
. 2 2Py . :
AP=Py. The maximum value of the floW 5 =§WH0 a0 is obtained forAP = By, /3
P

which is just below the threshold of oscillationefigomard et al., 2000).

FIG. 2. Theoretical characteristic (equation 5) : volume flux U as a function of the pressure
difference 4P (arbitrary scales). Py is the value of the pressure difference corresponding to

the reed blocked on the mouthpiece.

2.2. Quasi-stationary model of air flow

Hirschberg et al. (1990) and Van Zon et al. (199&e studied experimentally and
theoretically the volume flow control by the motiohthe reed in order to explore the limits
of validity of the elementary model presented abewel to provide a better understanding of

the results of Backus (1963).



Following Van Zon et al. (1990) due to the abrupinsition from the narrow reed
channel of heighl to the inner part of the mouthpiece of diam&eflow separation occurs
for sufficient high Reynolds numbeRe=pU/(uw)>10 ( is the dynamic viscosity of air). A
free jet is formed in the mouthpiece. For largeueal ofD/H>10, which is a typical value for
single reed instruments, the pressure recovery dpoeleration of the flow in the mouthpiece
is negligible. Hence the pressu?g in the mouthpiece is assumed uniform and equ#tdo
pressure at the end of the reed channel. MeasutsrgVan Zon et al. (1990) confirm this
assumption : the pressure variations within the tmmace are less than 3% of the dynamic
pressure in the jet.

In the limit of high Reynolds numbers and a shiowdrmel (Re.H/L>1000 whete is
the length of the reed channel) the volume flow loarestimated by assuming a uniform flow
in the reed channel and by applying Bernoulli’'sa@n. Ignoring the flow separation at the
entrance of the channel, the volume flow is fouadbé given by equation 1 (elementary
model). As noted in Hirschberg et al. (1990) sefameoccurs when the edges at the entrance
are sharp, which is the case for clarinet mouttged its reed. A free jet with a secti§n
lower than the reed-mouthpiece opening cross-se&tmill be formed within in the channel.
For short reed channele/H<3) no reattachment of the flow occurs within theamnel and

the volume flonJ will be given by :

S
U =awH /App wherea:?‘ . (6)

The coefficienta is a “contraction” coefficient which is stronglgpgendent on the geometry
of the reed channel inlet. For typical 2D mouthpiegeometry, values in the range
0.5<0<0.61 are expected. Laser Doppler flow measurememd flow visualisation

experiments by Van Zon (1989) confirm the typicalues ofa for the geometry considered.

For low Reynolds numberRé<10) and long reed channel/KH>10), the flow is well



approximated by a fully developed Poiseuille flolhis corresponds to the case of the reed

almost closed for which the volume flow is thusegivby :

_wH?®AP
12pvL

(7)

Both Poiseuille and Bernoulli limits were also fouby Gilbert (1991) and Maurin (1992).
The intermediate flows between the two extreme camagioned above are discussed in Van
Zon et al. (1990) and Hirschberg et al. (1991). [Hbt>4, the jet formed by the separation of
the flow from the sharp edge of the reed at theaeoe of the reed channel reattaches to the
wall after a distance of abouH2 If the channel is short the friction is negligibthe volume
flow U approaches the value given by equation (1) thersélctiorS of the jet is equal to the
reed-mouthpiece opening cross-secti®n The quasi-stationary models described above
assume a fixed separation point at the inlet dhatexit of the reed channel and a uniform
section of the reed channel. This hypothesis is topregble in the case of the clarinet
mouthpiece. The transition between the “reed chadramel the mouthpiece can be smooth. In
such a case the reed channel height is not unifant,forL/H>4 the separation point is not
easy to determine. As a consequence the coefficielstnot so easy to predict precisely and
can be equal to values larger than 1. In other sydrdsuch a case the volume fluxcan be
larger than the one predicted with the elementapgeh (equation 1). In the case of a fully
separated jet flow (short reed channels situatidf<2), the channel geometry is not
expected to be critical and the result given inagigun (6) could remain valid. Notice that all
the theoretical results described before have Iseenessfully compared with experimental
results obtained with a two-dimensional mouthpige®metry. Another particularity of
clarinet mouthpieces hasn’t been yet mentioned. rékd channel consists of two parts : a)
the front slit delimited by the edge of the moudua tip and the reed and b) the lateral slits

between the lay and the reed. Then the effectiveose§ can be larger than the opening



cross-section S. In such a case the contractioffideat a defined by equation 6 can be

larger than one Wv is always defined as the width of the tip of theuthpiece.

2.3. Quasi-static response of thereed

The mechanics of the reed is complex. The materiaiti®tropic and the dimension
irregular. Prediction of the deformation of thedas difficult because reed is an essentially
inhomogeneous material (Heinrich, 1991). Its mewd@mnproperties are variable and also
depend strongly on the amount of water in the nedtéHeinrich, 1991 ; Obataya and
Norimoto, 1999). Marandas et al. (1994) suggest #halry reed displays a viscoelastic
behaviour whereas a wet reed has a viscoplastiavimir. The reed rolls up (or not) on the
lay of the mouthpiece whose geometry is said tovdyy critical : from the experience of
craftsmen it seems that variations of some huntdsedf millimeters on dimensions of the
curvature of the lay lead to change of behaviarcgptible by the musician (Hirschberg et
al., 1991). Finally the lips of the musician areegsed on the reed. This means that the
mechanical behaviour of the reed is also depermetite coupling with the lip, a mechanical
system which is also not easy to characterise.

The reed is usually considered to be a one degrizeaafom oscillator, that is the reed

tip displacemeny is related to the pressure differetfe by the following equation :

. AP
y+gy+w3y=7r, ®)

where w, is the angular resonance frequency of the r@edyiscous-damping coefficient and
M is a mass per area. The dynamic aspects relatdtetoeed are not considered in the
present paper and equation (8) is then reduceguatien (3) with

k = po, 2. 9).



The determination of the reed stiffndsss difficult and only orders of magnitude for tiees
parameters can be found in the literature. Theadify lies in the fact that these parameters
are generally found only in an indirect way and emexperimental conditions which are not
always realistic. Thus, equation (9) suggests ttaistiffness can be deduced from the reed

resonance frequency. In fact this is questionbbtause the surface per agess itself badly

known. In addition the validity of the parametettashed from the resonance frequency for
low frequencies is also questionable. The stiffnesis area was measured by Nederveen
(1998) but not in a playing situation. Anotherngmmn for determining this stiffnessconsists

in measuring the impedance of reed (Dalmont et1&95 ; Boutillon and Gibiat, 1996).
Unfortunately the stiffness per area is obtainedising an equivalent surface whose value is
badly known. Moreover, contrary to what one caslgppose, the resonance frequency of the
reed itself is difficult to determine. Thus Facchihand Boutillon (2001) showed that the
frequency of a squeak depends as much on the tes@saon the reed. A simple method to

determine the stiffness consists in determiningltéating pressur®,, and the opening at
rest Ho. The beating pressure can be estimated with aficiaft mouth by seeking the

pressure for which the reed starts to oscillaterdfaving been plated. This method, being
based on the equation (4) is used implicitly by déenard (1995). In the present paper
another method allowing an accurate determinatfdheobeating pressure is given.

In the elementary model presented the reed stgfkes assumed to be constant. A
priori it seems natural to think they are not. Thesmcommonly admitted idea is that the
vibrating length of the reed decreases with thenoyge This would lead to an increase in the
stiffness (Nederveen, 1998). To go further in thalyss various authors propose to model
the reed as a bar (Stewart and Strong, 1980 ; Sdlchend Strong, 1988 ; Stuifmeell,
1989 ; Gazengel, 1994 ; Ducasse, 2001 ; Van Wals2p02). Their results tend to show

(Gazengel, 1994 ; Ducasse, 2001 ; Van Walstijn22@0at the reed rolls up on the table of



the mouthpiece only under certain conditions wlaoh satisfied for only very particular reed
geometries. With the dimensions of a real reedtablé Ducasse (2001) showed that the reed
deforms without sticking to the table until a giveoint near the tip touches the table. This
result is confirmed by van Walstijn (2002) who slsotat the stiffness is nearly constant as
long as the end of the reed does not touch the taiil takes a larger value afterwards. These
studies would justify the "simplistic" approach tbe model suggested (equation 5) at least
until the reed tip touches the lay. It remain &vify whether the transverse bending of the
reed which is supported only on the side by théetdbes not modify this two dimensional

behaviour.

FIG. 3. Theoretical characteristics (equation 5) in the case of a discontinuous reed stiffness

(according to Van Walstijn (2002), see text).

3. Experimental device and procedure

3.1 Theartificial mouth

The artificial mouth consists of a Plexiglas boxhmmhetal reinforcement (Gazengel,
1994). The artificial lip consists of a cylindridaltex balloon of small diameter (10mm) in
which a piece of foam saturated with water is itexer The lip is fixed on a rigid support
which position can be translated vertically by neaha screw. The mouthpiece is inserted in
a metal barrel whose horizontal position can beistdd. Resonators can be fixed onto the
other end of the barrel. The air is supplied bygh Ipressure system through a sonic valve.

The pressuré,, in the mouth is measured by a static pressureoeen& miniature
differential pressure sensor mounted in the walth&f mouthpiece measures the pressure

difference AP = P, — B, between the mouth cavity and the inside of the mmate. The
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reed slit opening is measured using a LASER beamaapHbotoelectric diode. This is the

method used by Backus (1963) (see figure 4).

FIG. 4. Experimental device.

3.2 Flow measur ement

To determine the static non-linear characteristics tlarinet is replaced by a
diaphragm playing the role of a pressure reduclement. Using the pressure measurements,

the flow through the reed is calculated by usingBalli’'s equation :

Pn = >p—— (10)

where the atmospheric pressure is used as a reé&efg being the section of the opening of
the diaphragm.

Compared to another flowmeter placed upstream efctvity, the diaphragm, apart
from its simplicity of implementation, has sevemvantages. It makes it possible, if its
dimensions are well chosen, to obtain a completratheristic since it avoid oscillations.
Indeed apart from its pressure reducing effectdibphragm plays, for acoustics, the role of a
non-linear resistance thus preventing the appearaha standing wave inside the barrel. This

makes our experiment similar to the one suggesidgenade (1976, page 437).

3..3 The choice of the diaphragm

The diameter of the diaphragm is the result of apromise. If this diameter is too

large the pressure dro,, created by the diaphragm is too small to be mealsuf, on the

contrary, it is too narrow the reed closes suddabigve a critical threshold and part of the

11



non-linear characteristic cannot be explored (Hilpgrg, 1995). This phenomenon occurs

when :

0(Pn) _0(AP+Ry) _ 0
ou U '

(11)

Considering that the pressufd® and Pi, are given respectively by equations (5) and (it0),
is thus necessary, to avoid phenomenon of suddsnard, that :
Sgia >WHq/+/3. (12)

In practice the section of the opening of thepdragm is chosen to be close to the
section of the reed slit at rest position. This migvoid the sudden closing of the reed while
ensuring a sufficiently large pressure drop.

The cross section area of the jet formed by thphdtegm is assumed here to be equal
to the section of the opening of the diaphragmsBsisumption is valid only in the absence of
a vena contracta. To avoid a vena contracta thehchgms has been chamfered (conical
orifice). This chamfer suppresses the vena comtrant also extends the range in which the
coefficient of discharge is constant (OMEGA, 1998).order to check this the diaphragms
have been calibrated by means of a volume gas méhler calibration of the various
diaphragms proves that the vena contracta coatficseconstant and equal to unity within 1%
uncertainty for all the diaphragms except for then8n diameter diaphragm for which it is

estimated to be 0.97.

FIG. 5. Volume flow U as a function of the total pressure drop Py, for the clarinet mouthpiece

ended with a diaphragm (arbitrary scales).

3.4 Reed opening measur ement

12



This measurement is likely to give information e behaviour of the jet entering the
instrument. In particular the opening can be comgao the effective section of the jet
entering in the mouthpiece. This measurement akslkemit possible to relate the openikiy
and the pressure differenéd® on both sides of the reed. This allows the deteation of the
evolution of the reed stiffness with the pressufteknce.

The sensitivity of the optical system used to meashe openindd is calibrated by
means of visual observation with a camera in mawode. This device was used for checking

the linearity of the optical system and to deteweriine opening at restl 5. A difficulty with

the optical system is that the light beam can Wb fstopped while the reed slit is not
completely closed. To limit this problem, it is cked by visual inspection, before each

experiment, that, when the reed is almost clogerdiode still detects a signal.

3.5 Experimental procedure

The two pressure signals and the optical signatallected on a computer via a data
acquisition card. The opening at rest having beesasured as described above, the
experiment starts without blowing pressur®P(=0). This state is maintained for a few
seconds. This is used for the determination ofzettes of the pressure sensors and the value
of the optical signal corresponding to the operahgest. The pressure in the mouth cavity
Py is then increased gradually until the reed clasespletely the opening. This state is also
maintained for a few seconds. This is done for rislative calibration of the differential
pressure sensor ENTRAN, as in that c&ge= |, th@ sensitivity of the static pressure sensor
measuringPR,,, being supposed to be known. This calibration igdrtant because the pressure

Rn is obtained by making the difference between theads from the two pressure sensors.

The pressure in the mouth is then gradually brobglek to zero. A typical duration of such

13



an experiment is 50 to 100s with a sampling fregyesf 100Hz (see figure 6). For some
embouchures, when the reed is almost closed raedlations occur incidently which make

the corresponding part of the non-linear charastiernot exploitable.

FIG. 6. Experimental signals
static pressure sensor.
___differential pressure sensor.

----- optical sensor.

4. Experimental results

4.1 A typical experimental result

The non-linear characteristic was measured for ouari mouthpieces, reeds and
embouchures. Before each measurement of the chastict the embouchure is tested with a
cylindrical pipe of 30cm in order to check that thetrument produces a realistic sound of
good musical quality. The phenomena observed aobaliy reproducible even if one
observes a large variation in the numerical vabfethe various parameters. The goal of this
section is to present a typical case in order tesstthe most significant results. A more
detailed analysis of the experimental results eavigled in the following sections.

On the figure 7.a, a non-linear characterittic NL(AP is shown for an opening at rest
of Hy =0.6mm. The reed is a Plasticover (covered withtjglaseed of force 3. This type of

reed has been chosen because it is less infludmgedoisture than a standard reed. The
clarinet mouthpiece is a C80 by Selmer. The cuh@nvs an hysteresis, the maximum flow
being larger for increasing pressure than for desing pressure. This hysteresis can be

attributed to the viscoplastic behaviour of thedred his point is discussed section 4.2. The

14



curves are similar to the theoretical curves confingh equation (5), which are also plotted
for reference in figure 7.a (dots). The paramedéthese theoretical curves are chosen so that
the maximum of the theoretical curves matches Witise of the experiments. It appears that
the closing is never total and that even when &zl rcan be considered as closed (beyond
60mbar) a weak flow remains. This flow decreasesmthe maximum pressure is maintained
a few seconds. The theoretical model is thus wvatial the reed is nearly closed. It does not
take into account the residual flow when the rdeshael is closed.

Figure 7.b plots the reed opening as a functiothefpressure drop. This curve shows that
the stiffness of the reed can be considered ashtpugdependent on the pressure. This is
emphasised on figure 7.b by to straight lines ohesaslope, showing that the stiffness is
approximately the same when the pressure is inageas when it is decreasing. Only the rest
position differs (4% difference). This is confirmby the fact that between the two theoretical

curves of figure 7.a only the values &fy are different in the same ratio. This result is

explained on the basis of a viscoelastic model ficlv the return to rest position is delayed
(cf. section 4.2). It appears from figure 7.b ttie zero of the optical signal is reached for a
pressure for which the flow is still significantAs noted section 3.4, this is due to the
difficulty of adjustment of the optical set-up fehich the zero is reached whereas the reed is
still open.

As explained section 2.2 the jet cross sect&ncan be deduced from the volume flow

using equation 2. Figure 7.c plots the effectivassrsection as a function of the variation of
the reed opening measured by the optical device.r&bults show systematically that the jet
cross section varies linearly with the aperturesdme cases, when the optical adjustment was
optimum, a line passing trough zero within an utaety lower than 0.1mm was obtained.

The assumption of a jet cross section proportidemahe opening thus seems sensible. This

15



assumption is used for the determination, by exledn, of the opening corresponding to

the zero value of the optical signal.

FIG. 7. Typical experimental results (continuous line experiments ; doted lines theory)
(&) Non-linear characteristics, volume flow U versus pressure difference AP
(b) reed opening H versus pressure difference AP,

(c) jet cross section Sversus reed opening U.

4.2 Viscoelasticity of thereed

As noticed in section 4.1, some curves exhibit gstdresis due to a change of the rest
position. This result could seem contradictory witle assumption of a static measurement.
Indeed the duration of the experiment and the spédle pressure variations are such that
the effects of the reed inertia are negligible dgrihe experiment. The hysteresis can
therefore only be explained as the result of aoghkastic behaviour of the reed which only
recovers its original rest position after a timéagidarger than our experiments (Marandas et
al., 1994). By analysing the opening as a functbtime after the reed has been plated and
then quickly slackened, it appears, for a giverdydleat this one recovers its rest position in
three steps. The reed slit opening reaches almstsintaneously 93% of its maximum value.
An exponential decay of the difference betweendjpening value and the maximum opening
with a relaxation timer; O8s is then observed. At the end of this second ptieseeed slit
opening reaches 97% of its maximum value. Resttipasis finally reached at the end of a

last phase for which the relaxation timetis [1900s. In this second case, taking into account

the importance of the relaxation time, it is notreasonable to speak of a quasi-plastic

deformation (Marandas et al., 1994). Taking intcoamt the typical duration of an

16



experiment one can think that hysteresis obsenvele experimental characteristics is due to
a conjugation of these two effects. In particulae fact that when the reed is closed there
remains a flow which tends to decrease if the maxrinpressure is maintained a sufficiently
long time. These viscoelastic effects essentiattiermusician (Ducasse, 2001 ; Marandas et
al., 1994), are probably not relevant when congidea physical model of the autooscillation
process. The actual characteristics might be fosmmhiewhere in between the two static
characteristics obtained respectively upon increpie pressure and decreasing the pressure.
By chance the hysteresis being rather small thertsiaty on the relevant parameters of the

model will be small. Typically it should not excefsiv percent ofH. To limit this effect it

is useful, before doing an experiment, to closerdlesl for a few seconds by applying a large
pressure in the mouth volume in order to limit theasi-plastic effect, J900s). This is

similar to some musicians practice which consistpressing the reed with the thumb before
playing. It is important to notice that the amplitguof the hysteresis can vary considerably
with the reed. We observed that for some reedgjaai mot different from the others, the

hysteresis did not appear. On the other hand cquererents have been done with a dry reed
covered with plastic. A wet standard read wouldbpldy have emphasised a slightly

different behaviour (Marandas et al., 1994).

4.3 Reed stiffness

As noted section 4.1, the reed stiffness can bardegl as a constant until the reed
beats. With some mouthpieces and reeds a sliglffgreht behaviour has been observed.
Figure 8 shows a result with a clarinet mouthpiBd® by Vandoren, a Plasticover reed n°3

and a reed opening at redy = 0.6mm. In figure 8.a a plot of the non-linear charadces is
compared to the simple basic model (equation Sylich parameters®, and wHq are

chosen so that the maxima of the experimental hedrétical curves coincide. One can note

17



that the theoretical curve and the model differ far pressure slightly lower than
AP = 40mbar . Figure 8.b plots the reed slit opening as a fonctf the pressure difference.
One can note that the curve is linear for the prestower than 40mbar. The reed stiffness
can be deduced from the slope of the curve. THewotg value for the reed stiffness is
obtained: k=116mbar/mm. This result is in agreement with the value

k =Py /Hg =122mbar /mm deduced from the maximum of flow of the charastess
Pv = 73mbar and the reed opening at rdsfy = 0.6mm. This is not very different from the

result of experiment of figure 7.b in which the deestiffness is found to be
k =107mbar /mm. It is also noticed that the extrapolated line seasthrough zero for

AP =Ry, which validates the calibration method of theiacgt system based on the

extrapolation of the functiors; (H) (cf. section 4.1). The functioti (AP  deviates from a

linear behaviour above 40mbar. This is in agreematft the observation made on the figure
8.a that the simple model is no more valid beyd= 40mbar . We expect that beyond this

pressure the reed stiffness increases as a rdsaltemluction of the free reed length due to
contact with the lay. The remarkable result herthad the change in the reed stiffness value

appears only for a pressure higher than the thtesii®scillation AP = By, /3. According to

various measurements it seems that this phenomsrgameral. This result is to be compared
with the analysis of various authors (Gazengel,419Bucasse, 2001 ; Van Walstjin, 2002)
according to whom the curling up phenomenon istédhiand has a small influence on the
reed stiffness, the end of the reed touching thevithout smoothly curled up on the lay. Our
measurements do not exclude this scenario but ghatvit should appear only for high
pressures. Complementary measurements, allowidgtgrmine directly the point of contact

between the reed and the lay, are now in prepar&iconfirm this result.

FIG. 8. Experimental results (continuous line experiments ; doted lines theory)
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(a) non-linear characteristics, volume flow U versus pressure difference AP

(b) reed opening H versus pressure difference AP .

4.4 Air flow

To evaluate the discrepancy between the modelthier volume flow and the
measurement, the measured volume flux can be dividedby the theoreticalone Uy
calculated using equation 1 whétas measured with the optical device and 14mm is the
external width of the mouthpiece inlet. The dimen&ss quantity obtained is the vena
contracta coefficienti (see equation 6). It is displayed versus the ogeshing in figure 9 for
the same experiment as in figure 8. Paraneteymains constant along a large range of reed
openings :a = 095for 0.2mMm<H < 065mm. For H < 015mm the optical measurements
are no longer relevant. From the experiment ofrégid.c the valuen = 1.4s found. The
constant behaviour af has been observed for every embouchure tegtedjng in the range
0.85 to 1.30. These results confirm that a volulae ¢alculated from the Bernoulli law with
a constant vena contracta coefficienis a reasonable approximation for sufficientlygkar
reed opening. At this stage, the experimental @evdaad particularly the reed opening

measurement are not sufficient to draw conclusiona small reed opening.

FIG. 9. : Contraction coefficient a versus reed opening H (same embouchure set-up asin

figure 8).

It is interesting to compare the measucedalues with the vena contracta coefficient
obtained for simplified geometries of mouthpieced @ less realistic playing conditions. As
mentioned in Section 2.2, Van Zon (1989) has obkthivalues in the range 0.50 to 0.61 for

typical 2D mouthpiece. Furthermore Maurin (19923@ived larger values, in the range 0.60
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to 0.85 for a clarinet mouthpiece mounted in aifieiegl mouth, the lateral parts of the reed
channel being waxed to approach a 2D geometritztgin. The larger value ef could be
explained by an effect of the confinement of tleflupstream of the inlet reed channel. This
phenomenon would also occur in actual clarinetipyValkering (1993) measured volume
flows through a reed channel formed by a stiff ftadtal reed with sharp edges placed on an
actual clarinet mouthpiece. It is shown that tlmvfthrew lateral sides can increase the flux

within 50% which lead to values for compatible with our results.

4.5 Typical parametersrange values

The model formulated in equation 5 is based onmatars of which the values have
to be defined when dealing with simulations or ptgismodelling synthesis. Our experiments
allow the determination of some of these parameterthe present section the range of these
parameters and the accuracy with which they casebermined using our setup are discussed.

Results are summarised in table 1. The reed paeasp¢hat is the opening at résdt and the

reed stiffness per aréaare determined using the optical device (seemse8t4 and 4.3). The

reed opening is approximatelty =1mm when the reed is free, that is when the lips do no

press the reed. When the lip presses the reeddhie decreases but probably not much under

Ho = 04mm which correspond to a rather tight embouchure .aBse of the small value of
the reed opening and of the geometrical irreguderiof the reed this parametelry can not

be determined with a great accuracy. The accuracthis parameteH g is estimated to be
only 10%. The reed stiffness which is deduced flomHy /AP is found to be in the range

of 100mbar/mm. From our measurements it appeatshbarange in which these parameter

varies is rather small. In all the measurementigedlit did not vary more than 50%. This
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parameter being deduced froHy, its accuracy is in the same rangetg, that is 10%. On
the other hand the product of the two reed paramdty) andk is the beating pressure
Pv =kHg. This beating pressurg,, is found to be aroun80mbar for a loose embouchure

and aroundeéOmbar for a tight embouchure. This parameter can berakned with a good
accuracy from the flow measurement (see section hlome cases an accuracy of 2% can
be reached (a little bit more if the hysteresisccamsidered, see section 4.2). From flow

measurements the maximum flow can also be deduoedwWwhich the value of the effective

surface of the jet at res$; =awHq can be deduced with a good accuracy (3%). From thi

surface the effective width of the reed chanwmel can be deduced (section 4.4). The
uncertainty on this parameter is in the same rasger the reed openinlgy from which it is

deduced. In table 1 realistic values of the paramebf the model for the clarinet are
summarised. These values are in agreement withe thven by other authors (Nederveen
1998 ; Stewart & Strong 1980). We guess that thedees might be useful for physical

modelling synthesis and simulations.

5. Conclusion and per spectives

The experiments presented in the present papewx albetter characterization of the
clarinet mouthpiece behaviour. It also gives elemeseful for a better comprehension of the
physical phenomena involved. In the nineties a id@nable effort has been carried out in
parallel at the LAUM (Le Mans, France) and at théET(Eindhoven, Nederlands) to obtain a
reliable model for the relationship between the gettion and the reed channel height

characterised by the coefficieatof equation 6 (Van Zon, 1989 ; Hirschberg et 2090 ;
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Hirschberg et al., 1994 ; Hirschberg, 1995). Ussimplified 2D geometries, different
stationary regimes have been identified experimignéad explained theoretically. We have
now proposed an experimental procedure allowingnwasure these characteristics with
actual mouthpieces and reeds under conditions tbogkaying conditions. Our measurements
with this new procedure seem to agree qualitativelth the earlier measurements in
simplified geometries. The main problem in theiiptetation of our results is the uncertainty
in the geometry of the reed channel and of thedasdits between the lay and the reed. Our
result do confirm that a volume flux calculatednfrahe Bernoulli law with a constant
parameter vena contracta coefficienta is reasonable first approximation for sufficignt
large reed opening. For a small reed opening tfeetedf friction becomes significant and a
correction for viscous effects should be introduced

In the quasi-stationary basic model, the behavaiuhe reed is reduced to a spring
with a constant stiffness. Rather surprisingly, e¥kpental results confirm that the latter
hypothesis is reasonable, a stiffness value bessgaated for each embouchure adjustment.
Nevertheless for some of the embouchures, the hgpis is correct up to a critical pressure
threshold above which the equivalent stiffnessnizraasing when the reed-lay aperture is
decreasing. Some authors proposed to consideriableastiffnessk(H) to take into account
the curvature of the lay (see for example the tilmmain simulations of Ducasse, 1990). Our
results show that this should be done with cardedd, a variation of the stiffness with the
opening has been observed for some embouchuregnbutvhen the reed is near closing.
Supplementary investigations have to be done wiferdnt reeds and mouthpieces in order
to check the variability of the results. A compariswith the recent theoretical works of
Ducasse (2001) and Van Walstijn (2002) should beedwy using a reed and a lip of which
characteristics would be measurable and contreldbtidentally, our measurements confirm

the visco-elastic behaviour of reeds reported byavdas et al. (1994). It seems however that
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this behaviour is not relevant when predicting kesttons because the memory time scales
involved are long compared to the oscillation perio

Finally, our study allows to conclude that the "glistic" model described in section 2
is valid at least on the major part of the changsties. This result confirms the practical
interest of theoretical studies based on this m@d@son and Beavers, 1974 ; Fletcher, 1979
; Saneyoshi et al., 1987 ; Fletcher 1993 ; Kergaim&995 ; Kergomard et al., 2000 ; Ollivier
et al., 2002). Similar studies could be done fdreotinstruments. For instance, a saxophone
alto mouthpiece has been tested too : the samevibehas for a clarinet mouthpiece has
been observed both from the point of view of theflaiv and the reed mechanics in stationary
regime. This suggest that, except the size, tlger® imajor difference between a clarinet and
a saxophone mouthpiece. The case of the doubleofeaa oboe or a bassoon could also be
investigated in the same way. This could allow beak if the hypothesis by Barjau and
Agullo (1989) of a cross section proportional te thpening to the power two is sensible. The
conjecture that there is a significant pressurevery inside the narrow pipes on which

double reeds are mounted (Hirschberg, 1995) cdatdlee checked.
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Figure and table legends

Table 1 : Summary of the parameters values of énarpeters for the clarinet.

FIG. 1. (a) Flow control by the clarinet reed invag free jet formation and turbulent

dissipation. (b) A two dimensional model of thed@hannel geometry and expected flow.

FIG. 2. Theoretical characteristics (equation Blume fluxU as a function of the pressure
differenceAP (arbitrary scales).\Pis the value of the pressure difference correspgntb

the reed blocked on the mouthpiece.

FIG. 3. Theoretical characteristics (equation 5) in theecaf a discontinuous reed stiffness

(according to Van Walstijn (2002), see text).

FIG. 4. Experimental device.

FIG. 5. Volume flowU as a function of the total pressure diigg for the clarinet mouthpiece

ended with a diaphragm (arbitrary scales).

FIG. 6. Experimental signals
static pressure sensor.
_ _ differential pressure sensor.

----- optical sensor.

FIG. 7. Typical experimental results (continuouelexperiments ; doted lines theory)

(d) Non-linear characteristics, volume fldwversus pressure differenéd®
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(e) reed openingdH versus pressure differenéd ,

(f) jet cross sectio® versus reed openirig,.

FIG. 8. Experimental results (continuous line expents ; doted lines theory)

(c) non-linear characteristics, volume flaywersus pressure differenéd

(d) reed openingf versus pressure differenéd .

FIG. 9. : Contraction coefficiend versus reed openirgd (same embouchure set-up as in

figure 8).
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Threshold of oscillation

Figure 2
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Figure 3
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Tableau des constantes et valeurs typiques

Quantity Symbol Typical values
Reed opening at rest Ho 04-10mm
Beating pressure Puv 40-100mbar
Reed surfacic stiffness k 80-130mbar/mm
Jet effective width ow 12-18mm
Maximum flow U max 200- 600cmd/s
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