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Chapter 1 

Introduction 

This work describes the maintenance of acoustic oscillations by the interact.ion of 
an hydrodynamically unstable jet and a sharp edge. The objective is to develop 
a physical model, having a limited number of empirical parameters, that could 
be used for the sound synthesis of recorder-like instruments. 

1.1 Sound synthesis by physical modeling 

Sound synthesis by physical modeling is a very powerful and attractive method 
for simulating sound production by acoustical systems. It constitutes t.he basis of 
a new generation of musical sound synthesizers. Its strength lies in the fact that, 
rather than trying to reproduce directly the sound produced by an acoustical 
system, it aims, relying on the physical properties of the system, at simnl11ting 
its functioning. The sound produced by the system is deduced from the response 
of the model to a given input such as the pressure in the month of a musician. 
The generality of this method is necessary in order to simulate sophisticated 
acoustical systems such as musical instruments from which musicians can obtain 
an amazingly wide range of responses. 

By simulating the behavior of the acoustical system, the method enables one 
to reproduce directly the physical features of its output such as the change of the 
timbre of a musical instrument with the register of the note played. It is also well 
suited for reproducing the influence of the input signal on the sound production by 
the system. For example, the fundamental frequency and spectrum of a given note 
played on a wind instrument strongly depend on the blqwing pressure. l\fosicians 
use this effect to adj~st the pitch and the timbre of the note. This feature of 

· physical modeling is important since it provides the musician with a feeling of 
"interaction" with the "virtual" instrument. The main .advantage of physical 
modeling is. that it can reproduce the time varying or transient characteristics 
of sounds which appear to be fundamental from the point of view of perception. 
This is primordial since acoustic "signals" such as speech and music are transients 

5 



6 Chapter 1: Introduction 

by nature. During the attack of a note, its "spectrum" and amplitude change 
very rapidly. In a musical context, notes are phrased and played with effects such 
as vibrato or changes of dynamics. Such features are not easily reproduced by 
methods such as additive synthesis or sampling, since they require the analysis 
and resynthesis of many sound spectra or the playback of different recordings 
even for a single note. 

Sound synthesis by physical modeling is very promising from a musical point 
of view since it yields natural sounding simulations. However, it has a certain 
number of drawbacks. The sound production mechanisms of musical instruments 
and their physical properties are very complex. Their modeling the;efore involves 
extensive experimental and theoretical work. Perceptually, it is the complexity 
and the details of the response of an instrument that are interesting. This is 
fascinating and stimulating for the physicist but, usually results in complicated 
models that are costly to solve. From the point of view of musical applications, 
the challenge of physical modeling is therefore to find a trade-off between the 
convenience of a model and its perceptual relevancy. So far this method has been 
applied successfully to the simulation of various types of musical instruments. 
Impressive results have been obtained for percussion instruments and encouraging 
results for reed instruments such as the clarinet. A satisfactory modeling of flue 
instruments has not not yet been achieved, however. Despite their apparent 
simplicity, the sounding mechanisms of this type of instrument are not yet well 
understood. 

1.2 Flue instrument modeling 

Flue instruments, such as organ pipes, flutes and recorders are driven by the 
oscillations of an air jet around a sharp edge. This motion of the jet provides 
energy which enables to maintain an acoustic field in a resonator which in return 
controls the oscillations of the jet. The system can therefore be viewed as a feed
back loop. The flow in the embouchure of the instrument is further complicated 
by flow separation at the labium, resulting in the shedding of vortices, and the 
eventual transition in the jet structure from a laminar to a turbulent flow. Similar 
sound production mechanisms also occur in gas pipes (Peters, 1993) and in the 
coupling between a flow and a cavity such as when blowing into a bottle. Human 
whistling, voice production and aeolian tones are closely related phenomena. 

The sound production mechanisms of flue instruments were first investigated 
by Helmholtz (1885) and Rayleigh (1894). Helmholtz explained the jet motion 
in terms of a convection of the jet flow by the acoustic flow at the entrance of 
the resonator. He viewed the jet as a volume source Q1 bringing periodically a 
volume flow inside the instrument thereby enabling the maintenance of acoustic 
oscillations in the pipe of the instrument. Rayleigh realized that the jet is an 
unstable structure which can amplify the acoustic field from the pipe. He fur-
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ther argued that a flow monopole, such as proposed by Helmholtz, could not be 
efficient at producing acoustic work since it is located in the mouth of the instru
ment, a point of low pressure (because this point is near a hole, a pressure node 
can be expected). He therefore explained the effects of the jet motion in terms 
of an acoustic force at the edge of the labium placed at a point of maximum jet 
velocity. Helmholtz, however, also pointed out that the effect of vortex shedding 
at the edge of the labium should result in a force at that point. This debate over 
the nature of the source continues to nourish the recent literature (Fletcher and 
Rossing, 1991 ). 

The works of these pioneers have been followed by extensive experimental 
measurements on the behavior of flue instruments by Bouasse (1930). Powell 
(1953; 1961) was the first to propose a quantitative model, based on a feedback 
loop, of the edgetone phenomenon (the edgetone corresponds to the oscillation 
of a jet around a sharp edge in free-field conditions). His ideas were extended by 
Cremer & Ising (1967-68), who published the first global quantitative model of 
the functioning of flue instruments. During the same period, Bechert ( 1965; 1976) 
studied the motion of a turbulent jet submitted to an acoustic field. This opened 
the way for the works of Coltman (1968; 1973; 1976), Elder (1973), Fletcher 
(1976a; 1976b; 1976c; 1979; 1980), Castellengo (1976), Nolle (1979; 1983; 1992), 
Yoshikawa (1980) and Valeriu (1992). 

The first time-domain simulation model of flue instruments to appear in the 
literature is that of Mcintyre, Schumacher and Woodhouse (1983). This highly 
simplified model, allowing real-time musical applications, is based on the use of 
a reflection function. In its original form, however, the model was not suited for 
describing the oscillations of flue instruments since it appeared to be uncondi
tionally stable for linear perturbations (Fabre, 1992). With slight modifications 
the model can reproduce some features of steady-state oscillations of flue instru
ments. It is, however, not adapted to simulate the attack transient (Verge, 1989). 
It is also very difficult to relate the parameters of the model to the physics of 
the instrument. A more sophisticated time-domain flute model based on this 
approach has been proposed by Coltman (1992a; 1992b). 

Other time-domain models of flue instruments, based on Fletcher's work, have 
recently been presented (Viilimiiki et al., 1992). The instrument is considered to 
be a damped harmonic oscillator governed by the following equation 

fPx fJx z 
f)t 2 + k; fJt +w;x; = >.;F(t), (1.1) 

where xis the acoustic displacement associated with a mode i of the resonator, k; 
a damping factor,>.; a constant and F(t) an external force. This type of approach 
has been pioneered by Bena.de (1976). These models produce surprisingly realistic 
sounds. They must be considered as semi-empirical models rather than physical 
models, however, as many parameters must be adapted in an arbitrary manner. 
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For example, the external force F(t) is represented by a polynomial function of 
the acoustic velocity whose links with the physics of the problem is far from clear. 

1.3 Thesis outline 

This thesis describes the main sound production mechanisms in recorder-like 
instrumellts. Our hope is to develop a physical model of this type of instrument 
in the sense that the different parameters of the model should be determined 
from the physics of the instrument and should require a minimum of empirical 
adjustment. 

The exact simulation of the fl.ow in the mouth of a recorder-like instrument 
requires the use of direct simulation techniques in order to solve the Navier-Stokes 
equations. This kind of work has already been undertaken by Skordos (1995) for 
low Reynolds fl.ow. His approach involves a tremendous computing power and is 
certainly not adapted for time-domain sound synthesis. We rather prefer to look 
for simplified representations of the flow and obtain models that can be solved 
efficiently in real-time. As will be demonstrated throughout this thesis, a simple 
one-dimensional representation enables one to understand and model the main 
sound production mechanisms of recorder-like instruments. 

The next chapter of this thesis describes qualitatively the main features of 
recorder-like instruments and the implications of their specific geometry .. In par
ticular, this should indicate the difference between recorders and other flue in
struments. In Chapter 3, the transient .behavior of an experimental recorder-like 
flue pipe is described in detail. The different steps of the formation of the jet and · 
their influence on the response of the pipe are presented with the help of pressure 
measurements and fl.ow visualizations. Chapter 4 is devoted to the problem of 
the jet oscillation and the corresponding "jet-drive" mechanism which enables 
the maintenance of acoustic oscillations in the pipe. A potential flow model of 
the oscillation of a jet having a top-hat velocity is proposed. This model ap
pears to be less convenient, however, than a modification of the semi-empirical 
model by Fletcher (1979). The jet-drive model is based on the lumping of the 
jet flow into two complementary flow sources at the edge of the labium. The 
driving effect of these sources is determined in the potential flow approximation. 
The jet oscillation and jet-drive models are validated in a linear analysis by com
parison with slow attack transients which initially can be described by a linear 
theory of feedback systems. Chapter 5 describes noise production by turbulence 
in the mouth of the instrument. The Strauhal number dependency of the source 
and the scaling of its amplitude with the jet velocity are determined from spectra 
measurements and the use of a one-dimensional representation of the instrument. 
Finally, in Chapter 6, these elements are combined in a simulation model. Simu
lation results are compared to measurements and the sensitivity of the response 
of the model to the value of different parameters is discussed. 



1.3. Thesis outline 9 

This thesis follows the work of Fabre (1992) which was carried out within 
the framework of a collaboration between the Musical Acoustics Laboratory of 
Universite de Paris VI and the Fluid Dynamics Laboratory of the Eindhoven 
University of Technology. It originates from a short research work of the author 
at IRCAM (Institut de Recherche et Coordination Acoustique/Musique, Centre 
Georges Pompidou, Paris, France) where physical modeling for musical applica
tions has been an important research topic for a certain number of years (Ducasse, 
1990; Adrien et al., 1988). The development of the simulation program was car
ried out at this institute within the musical acoustics group directed by Dr R. 
Causse. Most of the experimental work and the fluid mechanical analysis pre
sented in this thesis were carried out at the Eindhoven University of Technology 
(The Netherlands). 
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Chapter 2 

Some characteristics of recorders 

Abstract 

The purpose of this chapter is to present the basic sounding mecha
nisms of flue instruments and to describe the specificities of recorders. Flow 
visualizations of the jet motion in the mouth of a small recorder-like ex
perimental flue organ pipe are presented in order to illustrate the different 
points discussed. Data on internal acoustic pressure signals are presented. 
A dimensionless representation appears to be a powerful basis for the anal
ysis of these data. The dimensionless amplitude of the fundamental is a 
function of the Strouhal number only. For the first hydrodynamic mode of 
the jet, this amplitude is quite independent of the instrument geometry and 
of the acoustic mode involved. The dimensionless amplitude of the second 
harmonic displays two different behaviors depending on whether the jet 
is laminar or turbulent. The main feature of recorders, which appears to 
be responsible for their characteristic tone, is the ratio W / h between the 
distance W from the flue exit to the labium and the height h of the flue 
exit, which is adjusted by craftsmen to a value close to 4. This specific 
ratio ensures an optimal harmonic content to noise ratio in the produced 
sound. Larger values of the ratio W/h, such as found in many flue or
gan pipes, yield a more powerful sound but at the expense of additional 
turbulence noise. For these large ratios W / h, transitions between differ
ent hydrodynamic modes of the jet are observed at low blowing pressures. 
This phenomenon is avoided by the choice of a recorder-like geometry. 

2.1 Introduction 

Self-sustained oscillations of flue instruments involve a combination of very com· 
plicated hydrodynamic phenomena. occurring in the embouchure of the instru
ment. In this tiny region, one can observe simultaneously a hydrodynamic insta
bility of the jet, vortex shedding and turbulence, all interacting with the acoustic 
field from a resonator. The problem is complicated by the great variety of flue 

11 
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a) 

foot mouth 
b) 

h 

w 

Figure 2.1: a) Typical geometry of a fine instrument and b) geometry of the mouth of the 
instrument. 

instruments characterized by their own geometry and blowing pressure range 
(Castellengo,.1976). In order to understand and model such systems, one must 
specify a certain number of parameters in order to reduce the difficulty of the 
task. The scope of this work will be limited to the study of recorder-like instru
ments. The purpose of this chapter is to point out the particularities arising from 
this choice of geometry. The different elements of their functioning mechanisms 
will be examined in more details in later chapters. General features of flue in
struments are first described. Flow visualizations and operating characteristics 
of a small experimental recorder-like flue organ pipe are then presented. Dimen
sionless representation of experimental data is used to examine the effect of the 
mouth geometry on the behavior of the instrument. Finally perceptually impor
tant features of the tone such as the attack transient and noise due to turbulence 
are briefly discussed. 

2.2 Flue instruments 

Flue instruments can be defined as acoustical systems producing sound as a result 
ofthe coupling between a hydrodynamically unstable flow and a resonant acoustic 
field in a pipe. The geometry of a typical flue instrument is shown in Figure 2.1. 
The flow is generated by blowing through a narrow windway called the flue. At 
the flue exit, a free jet is formed by flow separation. The jet flows across the 
mouth of the instrument and is directed towards a sharp edge called the labium. 
Because of its intrinsic instability, the jet is very sensitive to perturbations acting 
on it. At the flue exit, the jet is submitted to the transverse acoustic field of the 
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Figure 2.2: Feedback loop representing the functioning of flue instruments. 

pipe. The perturbations propagate on the jet and are amplified. This results in 
a flipping of the jet on each side of the labium at the same frequency as that of 
the acoustic field. This motion of the jet around the labium provides energy to 
the acoustic field which enables to maintain it. This energy can accumulate in 
standing waves corresponding to the resonances of the pipe of the instrument. 
This favors oscillations at specific frequencies. 

The functioning of flue instruments can be represented by a feedback loop 
such as shown in Figure 2.2. Steady oscillations of the system will be maintained 
if the total phase shift around the loop is an integer multiple of 2:ir and if the gain 
is one. When these conditions are fulfilled, the system is said to auto-oscillate. 
The loop will produce a pipe tone when the acoustic feedback from the pipe 
dominates. In certain conditions, when the feedback from the pipe is negligible 
such as during the attack transient, when the pipe oscillations are damped, or 
simply when the pipe is removed, the oscillations of the jet can be controlled by 
a direct hydrodynamic feedback resulting from the interaction of the jet with the 
labium. The resulting oscillation is called an edgetone. 

The first element of the feedback loop corresponds to the jet. It must take into 
account the amplification of perturbations by the jet and the delay introduced 
by the convection of the perturbations along the jet. The convection velocity Uc 
is determined by the jet velocity Uj. The time shift introduced by this module 
is roughly proportional to the ratio W/Ui between the distance W from the flue 
exit to the labium and the jet velocity Uj. The phase shift introduced by the jet 
is therefore proportional to the Strouhal number Stw / 1 W / Uj based on the 
fundamental oscillation frequency fi. In normal playing conditions, a pipe tone is 
produced and the travel time of the perturbations on the jet is less than the period 
T of oscillation of the system (T = 2:ir /w1, where w1 is the angular frequency of the 
fundamental of the acoustic oscillation in the pipe). In these conditions, the jet is 
said to oscillate in its first hydrodynamic mode. However, if the jet velocity is low 
enough and the ratio W / h is large enough (W/ h > 5), where h is the height of 
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the flue exit, the travel time on the jet can be larger than the oscillation period 
T. The jet is then said to oscillate in a higher hydrodynamic mode. We will 
propose a model for lamina~ jets, oscillating in their first hydrodynamic mode, 
in Chapter 4. 

1 

The second element of the loop is the labium. The oscillating motion of 
the jet periodically brings fluid on each side of the labium. The effects of the 
jet motion can therefore be replaced by two complementary sources (source and 
sink) placed on each side of the labium. In a first approximation, the complex 
oscillating jet flow can be lumped into a flow dipole placed at the edge of the 
labium. The periodical movement of fluid between these sources can, in a one
dimensional representation of the instrument (see Chapters 4), be interpreted 
as a pressure source. This mechanism is known as the jet-drive and transmits 
energy to the standing waves in the resonator. This jet-drive is nonlinear since 
it must saturate when the amplitude of the jet oscillations is such that the jet 
flips entirely on both sides of the labium. It is usually considered that this is the 
main nonlinear amplitude limiting mechanism in flue instruments (Fletcher and 
Rossing, 1991). This jet-drive mechanism will be discussed in Chapter 4. Other 
complex nonlinear phenomena, such as flow separation and vortex shedding, occur 
at the edge of the labium. They constitute a very significant loss mechanism for 
the fundamental and therefore determine its amplitude. They also explain the 
production of high frequencies in the spectrum. These phenomena have been 
considered by Fabre (1995) and will be briefly reviewed in this chapter. Fabre's 
analysis is in contradiction with Fletcher's conclusions (Fletcher and ·Rossing, 
1991 ). 

In addition to the jet-drive of the acoustic field in the pipe, the interaction of 
the jet with the labium results in an almost instantaneous hydrodynamic feedback 
to the flue exit which is responsible for the edgetone. This feedback can be 
explained in terms of the flow dipole placed at the edge of the labium. A fraction 
of the flow moving between the complementary sources at the labium reaches the 
flue exit and perturbs the jet. The frequency of edgetone oscillations must be 
proportional to the jet velocity, since the only phase shift around this loop is the 
delay introduced by the convection of the perturbations along the jet. Edgetone 
oscillations have been studied by, amongst others, Powell (1961 ), Roiger et al. 
(1977), Kaykayogly and Rockwell (1986a, 1986b), Crighton (1992) and Maurel 
(1994). 

The last element of the loop is the resonator. In most flue instruments it 
is a pipe that may be open or closed at its passive extremity. The resonator 
has strong resonances at definite frequencies corresponding to its different longi
tudinal acoustic modes. An acoustic source placed at the entrance of the pipe 
will experience a large impedance (or admittance) at specific frequencies. The re
sponse of the pipe may also display an important phase shift with the source since 
the phase varies rapidly, between -11' /2 and 7r /2, across a resonance. The width 
of the resonance depends on the quality factor of the pipe which is determined by 
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the different mechanisms by which energy is lost in the resonator. Because of the 
strong amplification at the resonances of the pipe, the instrument will oscillate 
in the pipe modes. The exact frequency will be such that the total. phase shift 
introduced by the jet and the pipe fulfills the oscillation condition. When the jet 
velocity varies, the phase shift introduced by the jet is modified and the system 
reacts by changing the operating frequency, which determines the phase shift in
troduced by the pipe. Therefore, the system does not necessarily operate on the 
passive resonance frequencies of the pipe. The amount by which the frequency 
varies is determined by the quality factor of the pipe, since it determines the rate 
at which the phase varies across a resonance. When. the jet velocity is increased 
such that the pipe can not induce a sufficient phase shift on a given mode, the 
system must jump to the next mode of the pipe. This is called overblowing the 
pipe. A pipe tone is therefore very different from an edgetone since the operating 
frequency changes in a discrete manner in the different mode of the resonator, at 
specific jet velocities, rather than in a continuous manner such as in an edgetone. 
A pipe tone can therefore not be considered as an amplified edgetone. 

The playing frequency of a flue instrument is adjusted by the musician by 
opening and closing finger holes on the pipe which determines its effective length 
and hence the position of the resonances. Within a resonance, the musician 
can adjust the pitch by controlling the propagation time of the perturbations on 
the jet. In recorders, this parameter is determined by the blowing pressure. In 
flutes or pan-pipes, the musician has more flexibility since he can also vary the 
distance between his lips and the edge of the labium. In flue organ pipes the 
blowing pressure, the distance between the flue exit and the labium as well as 
the pipe length are all fixed by the organ maker. The range of a flue instrument 
is increased by overblowing the pipe which enables the musician to play, in the 
case of the flute, on at least three octaves. 

The timbre of the instrument is determined by the high harmonics in the 
spectrum which are induced by the different non-linearities of the system. The 
production of high harmonics by the jet-drive is determined by the relative trans
verse position of the labium with respect to the flue exit, which determines the 
shape of its waveform. This parameter is fixed for recorders and flue organ pipes, 
but is adjustable in flutes. 

2.3 Recorder-like instruments 

The family of recorders encompasses a great variety of instruments. The usual 
consort consists of a bass, tenor, alto and soprano recorder. There also exists 
a great bass recorder measuring approximately 1.3 m and a sopranino recorder 
whose length is about 0.24 m. Although they greatly vary in size, recorders have 
a certain number of characteristics in common. The pipe can be made out of one 
or more sections and may have a nearly cylhrdtical bore such as in renaissance 
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chamfers 

Figure 2.3: Geometry of the mouth of a recorder-like instrument. 

recorders or a conical one such as in baroque instruments. The resonator has 
finger holes, that may vary considerably in size and shapes. Passive resonance 
frequencies of recorders have been studied by Lyons (1981 ). The effects of the 
shape of the pipe, although it can have a significant musical importance, will not 
be considered in this study since we focus on the sound production mechanisms. 
Recorders usually have chamfers (rounding of the edges of the flue exit) such as 
shown in Figure 2.3. Chamfers affect the jet behavior in a very complex way. 
The geometry of the chamfers is according to instrument makers critical for the 
response of the instrument during the attack transient and for the quality of the 
tone during steady-state oscillations (Bolton, 1994). This very difficult· problem 
is, however, beyond the scope of this work. 

The rounding of the edge of the labium also influences the formation of vor
tices and the sound radiation by turbulence and consequently the timbre of the 
instrument. A sharp edge is rather common in recorders. Finally, the flue channel 
is usually convergent in recorders. This convergence influences the velocity profile 
of the jet which certainly affects its behavior. The influence of the convergence 
of the flue channel has not been considered in this study. 

From the point of view of the functioning of the instrument, a fundamental 
characteristic of recorder-like instruments is the ratio between the distance W 
from the flue exit to the labium and the height h of the flue exit. In recorders of 
all sizes, the ratio W / h is adjusted by instrument makers to a value close to 4. 
This parameter is very important since it determines the distance travelled by the 
hydrodynamic perturbation on the jet and hence its oscillating mode. This' ratio 
also determines the mouth surface to pipe cross-section ratio and consequently 
the acoustic velocity in the mouth. It appears, from flow visualizations, that a 
ratio W / h of 4 ensures that the instrument operates in the first hydrodynamic 
mode of the jet and that it remains, in normal playing conditions, laminar at 
least until the labium has been reached. In Figure 2.4, the driving pressure P! is 
plotted as a function of the frequency for different types of recorder and playing 
conditions. The corresponding range of Reynolds numbers (Rei. = Ujh/v, where 
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Figure 2.4: Driving pressure PJ as a function of the note played for different recorders. The 
range of variation of the Reynolds number Reh = U;h/v where v is the kinematic viscosity, 
based on the flue exit height h and the jet velocity U;, is indicated on the different curves. Solid 
line: Renaissance bass; dashed: renaissance tenor; dotted: renaissance alto; dashdot: baroque 
alto; bold solid line: baroque soprano; bold dashed: renaissance soprano. 

v is the kinematic viscosity of the fluid) is indicated on the different curves. The 
Reynolds number increases from the soprano to the bass recorder and lies in most 
cases between values of 1000 to 2000 which is indeed below .the laminar-turbulent 
transition. 

Apparently, this family of instruments has been designed so that turbulence 
only plays a secondary role. This ratio also results in acoustic velocities in the 
mouth sufficiently high to trigger the shedding of vortices at the edge of the 
labium. This effect strongly enhances the generation of high frequencies in the 
spectrum and hence results in a richer tone. Recorders therefore appear to have 
been optimized in order to yield a high harmonic content to noise ratio. Mea
surements by Wijnands (1994) indicate that indeed this ratio combined with a 
labium aligned with the lower wall of the flue exit yields a maximum of periodic 
sound to noise ratio. 

In addition to the ratio W / h, other parameters are very typical of recorders. 
In this type of instrument, the flue channel is relatively long. As will be discussed 
in the next chapter, this parameter determines the amplitude of the jet velocity 
fluctuations. A long channel could help to reduce the losses associated with these 
fluctuations. 
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Within the framework of this study, a ratio W/h approximately equal to 4 
will be the main element of the definition of a recorder-like instrument. This 
particular ratio W/ h distinguishes recorders from most flue organ pipes which 
may have a ratio W/h of the order of 10. In the flute this ratio is controlled by 
the movement of the lips and is variable. 

2.4 Experimental flue organ pipe 

In most of the experimental work that will be presented, a small flue organ pipe 
having a geometry typical of Dutch street organ pipes and renaissance recorders 
was used. This choice was made in order to eliminate the human factor so that 
reproducible results could be obtained. 

Sound is produced by blowing into a flue channel having a length le of 2.0 
cm and a uniform height h of about 1 mm. In a first set of measurements, the 
height h was equal to 1.08 mm. Later the instrument was modified to obtain 
h = 1.00 mm. Fluid flows from a small chamber volume called the foot linked to 
a pressure supply. The jet is directed towards the edge of the labium whieh makes 
an angle of 15°. The horizontal distance W between the flue exit and the edge 
of the labium and the transverse position Yo of the labium with respect to the 
flue channel axis are adjustable (the origin of this position is in the middle of the 
flue exit and a positive position is towards the interior of the instrument). The 
mouth of the instrument is located at the entrance of a pipe of length Lp 0.283 
m having a square cross sectfon. The width H of the resonator is equal to 2 cm. 

This experimental pipe is equiped with glass windows on each side of the 
mouth in order to enable flow visualization using a Schlieren technique (Merzkirch, 
1974). A refraction index contrast between the fluid coming out of the flue exit 
and the surrounding air is obtained by injecting C02 in the foot of the pipe. 
Prior to each visualization, the ratio of air to C02 was adjusted by filling the 
foot. of the pipe with C02 up to a certain pressure and then increasing the pres
sure by injecting air until the desired pressure was reached. The ratio of pure 
C0 2 and total pressure is assumed to be equal to the ratio between the C02 and 
air content. 

It should be stressed that this instrument does not represent an optimal mu
sical configuration. Unlike musical instruments, it has sharp edges (radius of 
curvature of approximately 0.1 mm) at the flue exit and at the labium and a 
straight flue channel in order to facilitate its mathematical representation. 



2.5. Functioning characteristics of the experimental fl.ue organ pipe 19 

!1 
(Hz) 

1600 L r-...1 3). • • • • • • • • •• • • • • • • • • • • • 
p - 2 

1400 

1200 

Lp ~ ,\ ••• • • • • • 
1000 

800 

600 ,,,...,.. ..... . 
4000 500 

L ""). p-2 

1000 1500 2000 2500 3000 3500 4000 

Pi (Pa) 

Figure 2.5: Operating fundamental frequency Ii of the experimental flue organ pipe as a 
function of the driving pressure PJ. The edge of the labium was placed 4.02 mm in front of the 
flue exit (W/h 3.72) and its transverse position Yo was adjusted with the lower wall of the 
flue exit (yo/h = 0.5, the origin of Yo is in the middle of the flue exit). 

2.5 Functioning characteristics of the experimen
tal flue organ pipe 

The minimum blowing pressure threshold for the self-sustained oscillation of this 
experimental pipe, when the ratio W / h is adjusted to 4, varies between PJ = 25 
Pa and 45 Pa depending on the position y0 of the labium. The threshold increases 
as the distance from the flue exit axis is increased. When the labium is aligned 
with the lower wall of the flue exit, the threshold is 30 Pa which corresponds to 
a jet velocity of approximately 7 m/s. The first octave jump occurs for blowing 
pressures varying between 150 Pa and 600 Pa, depending again on the position 
y0 of the labium. By further increasing the driving pressure, the pipe can be 
overblown up to four times with the pressure supply available. The evolution 
of the fundamental frequency of the oscillation of the flue pipe is shown, for the 
first three modes of the pipe, in Figure 2.5 as a function of the driving pressure. 
Note the hysteresis phenomenon in the second and third acoustic mode of the 
pipe. Even though two playing frequencies are possible for a certain range of jet 
velocities, the oscillations of the pipe, on a given mode, are stable. This behavior 
is obtained by increasing or decreasing slowly the driving pressure PJ· 

The spectrum of the sound produced by the instrument depends strongly on 
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the blowing pressure. Internal spectra are shown for blowing pressures PJ of 60 
Pa, 110 Pa, 270 Pa, 420 Pa, 1080 Pa and 4200 Pa in Figures 2.6 and 2. 7. At a 
low driving pressure, the spectrum is poor and the fundamental frequency clearly 
dominates. As the driving pressure is increased, the second harmonic becomes 
stronger. The pipe then overblows and high frequency resonances appear. When 
the driving pressure is further increased, the pipe over blows for a second time and 
the spectrum becomes much poorer. As will be discussed later in this. chapter, 
the production of high harmonics can be related to the structure of the jet and to 
vortex shedding at the labium. The complex nature of the flow in the mouth of 
the instrument, which determines these characteristics, can be better understood 
by flow visualization. 

2.6 Flow visualization 

The motion of the jet in the mouth of the experimental flue organ pipe is shown 
in Figures 2.9 to 2.14 for driving pressures of 60, 110, 270, 420, 1080 and 4200 
Pa, respectively (the ratio of C02 pressure to blowing pressure is about 30%). 
The orientation of the visualizations is shown in Figure 2.8. 

In the first series of pictures, the jet is laminar because of the low jet velocity 
(Reh ::::: 720). · The lateral movement of the jet is large compared to its width 
and therefore the flipping of the jet on each side of the labium is clearly seen. 
Large vortical structures appear on each side of the jet as a r.esult of the roll-up 
of the shear layers on both sides of the jet. Flow separation occurs at the edge 
of the labium because of the interaction of the jet with the labium. We should 
stress that at low driving pressures, flow separation at the labium only occurs 
as a .result of this "direct" impact of the jet with the labium. When the driving 
pressure is increased, such as in Figures 2.10 (Reh::::: 900) and 2.11(Reh:::::1400), 
the flow becomes turbulent upstream of the labium. Puffs of turbulence appear 
periodically on each side of the labium. Turbulence results in very characteristic 
windy noises. Flow separation is still observed at the edge of the labium during 
the interaction of the jet with the labium. However, the formation of a vortex is 
now observed once the jet has passed the labium. This vortex shedding is very 
clearly seen in Figure 2.11 and occurs as a result of the separation of the transverse 
flow driven by the acoustic oscillation of the pipe. Note that this type of vortex 
shedding does not occur in an edgetone configuration (Kaykayoglu and Rockwell, 
1986a; Kaykayoglu and Rockwell, 1986b; Ohring, 1986). When the jet velocity is 
further increased such as in Figure 2.12, the pipe is overblown and the jet becomes 

. turbulent before it reaches the labium (Reh ::::: 1900). In Figure 2.13, the jet is 
fully turbulent right at the flue exit (Reh ::::: 3100). Finally, when the pipe is 
overblown for the third time such as in Figure 2.14 (Reh ::::: 5600), the amplitude 
of the jet oscillations become smaller than its half width. Flow separation occurs 
at the edge of the labium but acoustically driven vortex shedding is not observed 
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Figure 2.6: Power spectra of the pressure signal p' (in dB rel 20 µPa) measured inside the 
small experimental recorder-like organ pipe at the end of the resonator (50.25 mm from the 
passive end of the pipe) for a driving pressure PJ of a) 60 Pa (Stw = Ji W/U; = 0.20, where 
Ji is the frequency of the fundamental and U; is the jet velocity); b) 110 Pa (Stw = 0.15); c) 
270 Pa (Stw = 0.10). The edge of the labium was placed 4.0 mm (W/h = 4.0) in front of the 
flue exit and was adjusted 0.2 mm above the lower wall of the flue exit (yo/h :::: 0.3, the zero of 
the transverse position is in the middle of the flue exit). 
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Figure 2. 7: Power spectra of the pressure signal p' (in dB rel 20 µPa) measured inside the small 
experimental recorder-like organ pipe at the end of the resonator (50.25 mm from the passive 
end ofa 0.283 m long pipe) for a driving pressure PJ of a) 420 Pa (Stw Ji W/U; = 0.16, where 
Ji is the frequency of the fundamental and U; is the jet velocity); b) 1080 Pa (Stw 0.10); 
c) 4200 Pa (Stw = 0.08). The edge of the labium was placed 4.0 mm (W/h = 4.0) in front of 
the flue exit and was adjusted 0.2 mm above the lower wall of the flue exit (y0 /h = 0.3, the 
zero of the transverse position is in the middle of the flue exit). 
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Figure 2.8: Orientation of the visualizations with respect to the experimental flue pipe. 

any more because the flow near the labium is washed out by the turbulent jet. 
It is interesting to note that in all the visualizations that are presented, the 

movement of the jet is dominated by the fundamental of the acoustic oscillation 
and that only the second harmonic also contributes significantly to its movement 
(Hirschberg et al., 1990; Fabre, 1992). The high frequencies of the spectrum, 
which are very important from a musical point of view, can therefore not be 
maintained by the motion of the jet only. This implies that in a simulation 
model the basic auto-oscillation feedback loop of the system, determining the 
motion of the jet and the resulting jet-drive mechanism of the acoustic oscillation 
in the pipe, can be limited, for efficiency, to the first harmonics. The higher 
harmonics should be generated by a model of the non-linearity of the jet/edge 
interaction and, in particular, by vortex shedding at the edge of the labium. 

2. 7 Vortex sound 

Vortex shedding in flue instruments has been extensively discussed by Fabre 
( 1992, 1995) and appears to be a crucial factor for the determination of the playing 
amplitude and the generation of high frequencies in the spectrum. This effect 
has been already pointed out by Coltman (1968) when he found that the mouth 
impedance of a flute behaves non-linearly at acoustic amplitudes corresponding 
to playing conditions. 

Sound production by vorticity can be described, in free-field conditions, by 
Powell's theory of vortex sound (Powell, 1964). This theory has been generalized 
by Howe (1975, 1984) for internal fl.ow. This theory is based on the idea that a 
flow velocity field ii can be separated in the gradient of a scalar potential ¢ and 
the curl of a stream function ;f 

ii 'V</>+'Vx;f. (2.1) 

Density variations are described by the mass conservation law (Paterson, 1983) 

1::t = -p\7. ii, (2.2) 

where D / Dt is the convective derivative defined as 

D f) ~ 
-=-+v·'V 
Dt at ' (2.3) 
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Figure 2.9: Steady-state oscillation of the jet for a driving pressure of 59 Pa (Reh ::: 720) 
in the experimental flue pipe. The fundamental frequency fi = 458 Hz (first acoustic mode 
of the pipe), temperature = 20.5° C. The foot of the pipe was first supplied with C02 to 
obtain an intermediate pressure of 2 mm H20 and then supplied with air to obtain a final 
pressure of 6 mm 1120. The pictures were taken at time (t/T1, where T1 is the period of the 
fundamental): a) -0.485; b) -0.378; c)-0.271; d)-0.163; e) -0.056; f) 0.051; g) 0.159; h) 0.266; i) 
0.373 .. The amplitude of the fundamental p 1 (x,,.) = 56.0 Pa, of the second harmonic p2(x,,.) = 
4.55 Pa, and of the third harmonic p3 (x,,.) = 0.91 Pa. The phase shift of the second harmonic 
l::.T2/t 1 = 0.374 and of the third harmonic l::.t3/t 1 0.983. The origin of the phase is taken at 
the zero crossing towards positive values of the fundamental of the internal pressure signal. The 
microphone was placed 5.05 mm from the passive end of the pipe having a length Lp = 0.283 
m (x,,. = Lp 5.05 mm). The labium was aligned with the lower wall of the flue exit. 
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Figure 2.10: Steady-state oscillation of the jet for a driving pressure of 108 Pa (Reh:::: 950) 
in the experimental flue pipe. The fundamental frequency Ji = 466 Hz (first acoustic mode of 
the pipe), temperature= 20.6° C. The foot of the pipe was first supplied with C02 to obtain an 
intermediate pressure of 4 mm IhO and then supplied with air to obtain a final pressure of 11 
mm H20. The pictures were taken at time (t/T1 , where T1 is the period of the fundamental): 
a) -0.470; b) -0.415; c) -0.253; d) -0.144; e) -0.036; f) 0.073; g) 0.182; h) 0.290; i) 0.399. The 
amplitude of the fundamental p 1 (xm) 111.3 Pa, of the second harmonic p2(xm) = 15.96 
Pa, and of the third harmonic pa(xrn) 4.27 Pa. The phll.(le shift of the second harmonic 
t::.T2ft 1 0.238 and of the third harmonic t::.t3 /t 1 = 0.932. The origin of the phase is taken at 
the zero crossing towards positive values of the fundamental of the internal pressure signal. The 
microphone was placed 5.05 mm from the passive end of the pipe having a length Lp = 0.283 
m (xm = Lp - 5.05 mm). The labium was aligned with the lower wall of the flue exit. 
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Figure 2.11: Steady-state oscillation of the jet for a driving pressure of 265 Pa (Reh::::: 1500) 
in the experimental flue pipe. The fundamental frequency Ji = 477 Hz (first acoustic mode of 
the pipe), temperature= 20.9° C. The foot of the pipe was first supplied with C02 to obtain an 
intermediate pressure of 8 mm H2 0 and then supplied with air to obtain a final pressure of 27 
mm H20. The pictures were taken at time (t/T1, where T1 is the period of the fundamental): 
a) -0.455; b) -0.343; c) -0.232; d) -0.120; e) -0.008; f) 0.104; g) 0.215; h) 0.327; i) 0.439. The 
amplitude of the fundamental p1(xm) = 131.6 Pa, of the second harmonic p2(xm) 115.5 
Pa, and of the third harmonic p3(Xm) = 9.24 Pa. The phase shift of the second harmonic 
L::.T2/t1 = 0.273 and of the third harmonic L::.t3/t1 = 0.954. The origin of the phase is taken at 
the zero crossing towards positive values of the fundamental of the internal pressure signal. The 
microphone was placed 5.05 mm from the passive end of the pipe having a length Lp = 0.283 
m (xm = Lp - 5.05 mm). The labium was aligned with the lower wall of the flue exit. 
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Figure 2.12: Steady-state oscillation of the jet for a driving pressure of 412 Pa (Reh:::: 1900) 
in the experimental flue pipe. The fundamental frequency Ji = 476 Hz (first acoustic mode 
of the pipe), temperature = 21.1° C. The foot of the pipe was first supplied with C02 to 
obtain an intermediate pressure of 15 mm H20 and then supplied with air to obtain a final 
pressure of 42 mm H20. The pictures were taken at time (t/T1 , where T1 is the period of the 
fundamental): a) -0.469; b) -0.358; c) -0.247; d)-0.136; e) -0.026; f) 0.085; g) 0.196; h) 0.307; i) 
0.418. The amplitude of the fundamental P1(xm) = 128.8 Pa, of the second harmonic p2(xm) = 
137.9 Pa, and of the third harmonic p3(xm) 18.2 Pa. The phase shift of the second harmonic 
l:::.T2ft 1 = 0.292 and of the third harmonic l:::.t3/t 1 = 0.972. The origin of the phase is taken at 
the zero crossing towards positive values of the fundamental of the internal pressure signal. The 
microphone was placed 5.05 mm from the passive end of the pipe having a length Lp 0.283 
m (xm Lp - 5.05 mm). The labium was aligned with the lower wall of the flue exit. 



28 Chapter 2: Some characteristics of recorders 

b) 

d) e) 

g) h) i) 

Figure 2.13: Steady-state oscillation of the jet for a driving pressure of 1058 Pa (Reh ::::: 3020) 
in the experimental flue pipe. The fundamental frequency / 1 960 Hz (first acoustic mode of 
the pipe), temperature = 23.2° C. The foot of the pipe was first supplied with C0 2 to obtain an 
intermediate pressure of 35 mm H20 and then supplied with air to obtain a final pressure of 108 
mm H20. The pictures were taken at time (t/T1 , where T1 is the period of the fundamental): 
a) 0.078; b) 0.190; c) 0.303; d) 0.415; e) 0.528; f) 0.640; g) 0.753; h) 0.865; i) 0;978. The 
amplitude of the fundamental p1 (.rm) = 422.1 Pa, of the second harmonic P2(Xm) = 66.5 Pa. 
The origin of the phase is taken at the zero crossing towards positive values of the fundamental 
of the internal pressure signal. The microphone was placed 5.05 mm from the passive end of 
the pipe having a length Lp = 0.283 m (.rm = Lp - 5.05 mm). The labium was placed 0.1 mm 
above the lower wall of the flue exit. 
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Figure 2.14: Steady-state oscillation of the jet for a driving pressure of 4230 Pa (Reh'.'.:::'. 6050) 
in the experimental flue pipe. The fundamental frequency Ji = 2004 Hz (first acoustic mode of 
the pipe), temperature= 23.l ° C. The foot of the pipe was first supplied with C02 to obtain an 
intermediate pressure of 75 mm H20 and then supplied with air to obtain a final pressure of 432 
mm H20. The pictures were taken at time (t/T1 , where T1 is the period of the fundamental):· 
a) -0.08; b) 0.08; c) 0.24; d) 0.40; e) 0.56; f) 0.72; g) 0.88; h) 0.104; i) 1.20. The amplitude of 
the fundamental p1 (xm) = 616 Pa, of the second harmonic P2(xm) = 19.6 Pa. The origin of the 
phase is taken at the zero crossing towards positive values of the fundamental of the internal 
pressure signal. The microphone was placed 5.05 mm from the passive end of the pipe having 
a length Lp = 0.283 m (xm = Lp - 5.05 mm). The labium was placed 0.1 mm above the lower 
wall of the flue exit. 
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where t is time. Using equations 2.1 and 2.2, the following expression is obtained 

Dp 2 
Dt = -p\7 ¢. (2.4) 

In general, the acoustic field is associated with density fluctuations p' which 
propagate as waves. From equation 2.4, it seems logical to associate the acoustic 
field to a potential flow. Howe (1984) proposes to define the acoustic potential 
¢' as the unsteady component of the potential ¢ 

</! = ef/ + </!o, (2.5) 

where ¢0 is the time independent component of the scalar potential. The acoustic 
velocity v' can then be defined as 

if=\?¢'. (2.6) 

The remaining part ii - v' of the velocity field is defined as the hydrodynamic 
field. 

By definition, the potential difference between two points A and B is given 
by the line integral 

{B -
<f>B - ¢A= }A ii· dl, (2.7) 

where f is the path of integration. Along a closed path, this expression can be 
related to the vorticity w, defined as 

w = \7 x iJ, (2.8) 

by the use of Stokes' theorem (Paterson, 1983) 

f = i iJ · d{ = l w . iidS, (2.Q) 

where r is the circulation, S the surface sustained by the contour of integration 
c and ii its normal unit vector. We see that in order to have a single valued 
potential ¢, the circulation r should be equal to zero for any reducible contour. 
This implies that w = 0. Vorticity, as in the boundaries of a free jet, corresponds 
to a deviation from an irrotational potential flow. Within the framework of 
Howe's vortex sound theory, the vorticitv w can be interpreted as an aeroacoustic 
force density [ acting on the potential flow field 

1: -p(w xv), (2.10) 

corresponding to the Coriolis force experienced by an observer moving with the 
fluid particles. In the presence of an acoustic field, this force can perform a work 
Wa given by 

(2.11) 
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where V is the volume of integration and y the position vector of a particle in the 
source region where w ::f 0. The Coriolis force can either extract energy from the 
acoustic flow and therefore represent a loss mechanism or transfer energy from 
the hydrodynamic to the acoustic field and produce sound. The direction of this 
energy transfer is determined by the relative orientation of the force Jc and the 
acoustic velocity vector iJ'. 

The presence of sharp edges in a flow is crucial since they constitute points 
where flow separation occurs as a result of friction forces. Flow separation results 
in the shedding of vorticity from boundary layers into the main flow. The roll
up of these unstable shear layers results in a vortex, a region 1of concentrated 
vorticity. A sharp edge is also a singular point of the acoustical flow because the 
potential flow velocity becomes infinitely large at a sharp edge (Paterson, 1983). 
Howe (1975) pointed out that the edge of the labium should therefore be of major 
importance for the sounding mechanism of flue instruments. The singularity of 
the potential flow at this edge triggers vortex shedding (see Figure 2.11). This 
vorticity strongly interacts with the locally singular acoustic flow. 

Recorders have in general labia as sharp as wooden edges can be. Rounding off 
the labium reduces the harmonic content of the tone (Nolle, 1979; Castellengo, 
1976). This effect can easily be understood in terms of vortex sound theory 
since it reduces the singularity of the potential flow. Fabre (1995) confirmed 
this idea by showing that flow separation of the acoustic flow at the edge of the 
labium represents the major nonlinear amplitude limiting loss mechanism for the 
fundamental acoustic mode of the pipe oscillations. This is in fact in contradiction 
with the original model by Howe (1975) which explained sound production in flue 
instrument by this mechanism. Fabre also showed that vortex shedding produces 
energy for the second harmonic and is responsible for the generation of higher 
harmonics in the spectrum. The maximum of the ratio of the amplitude of the 
second and higher harmonic compared to the fundamental is indeed correlated 
with the occurrence of acoustically driven vortex shedding at the labium, as can 
be observed by comparison of the spectra presented in Figures 2.6 and 2. 7 and 
the flow visualizations of Figures 2.9, 2.11 and 2.14. 

Vortex shedding at the labium is therefore of major importance in determining 
the oscillation amplitude of flue instruments and the dependency of their spec
trum, which determines the timbre of the instrument, with the driving pressure. 
As the radiation efficiency of acoustic waves (below the cut-off frequency of the 
pipe) increases roughly with the square of the frequency, the higher harmonics 
are much more important in the external (radiated) sound field. An increase of 
the content of higher harmonics therefore also increases the loudness of the pro
duced sound for a given oscillation amplitude of the fundamental. At the present 
time, the influence of the flow separation at the edge of the labium during the 
interaction of the jet with the labium has not yet been described quantitatively. 
It is interesting to note that the widely accepted model of the sounding mecha
nisms of flue instrument by Fletcher (Fletcher and Rossing, 1991) considers these 



Figure 2.15: Amplitude P1(wi) of the fundamental as a function of the driving pressure Pt 
for the small experimental flue pipe. The microphone was placed at Xm = 50.25 mm from the 
passive end of the pipe. The edge of the labium was placed 4.02 mm in front of the flue exit 
(w/h 3.72) and its transverse position Yo was adjusted with the lower wall of the flue exit 
(yo/h:::: 0.5, the origin of y0 is in the middle of the flue exit). 

effects as negligible. 

2.8 Influence of the mouth geometry 

Despite their great variety in size and shape, recorders seem to be characterized 
by a ratio W / h ~ 4 between the distance W from the flue exit to the labium 
and the the flue exit height h. This choice made by recorder makers appears to 
be responsible, in part, for their characteristic sound quality. In this section, a 
dimensionless representation. is used in order to analyze the influence of this ratio 
on the functioning of the instrument. 

In Figure 2.15, a graph of the amplitude p1 ( w1) of the fundamental oscillation 
mode of the pressure signal p'(xm) measured at Xm = 50.25 mm (where Xm is 
measured from the passive end of the pipe) in the small experimental flue organ 
pipe is shown as a function of the driving pressure PJ· Operation of the system 
in the different acoustic modes of the pipe (Lp ~ i>./2, i = 1, 2, 3 .. ., where A is 
the wavelength of the acoustic oscillation in the pipe) is observed. 

In Figure 2.16 a, the same information is displayed in a dimensionless repre-
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sentation. The data are presented as the ratio 

u; a; H -=----, 
U; poeoU; W 

(2.12) 

of the mean acoustic velocity u; = a;/ fioeo(H/W) through the mouth of the in
strument and the maximum jet velocity U; = /2PJ /Po, where a; is the amplitude 
of the ith mode and p0 is the air density. Note that in calculating the acoustical 
velocity u; in the mouth of the instrument, the acoustical flow at the mouth was 
implicitly assumed to have the same amplitude as at the passive end of the pipe. 
This ratio is plotted as a function of the Strouhal number Stw 

· f1W 
Stw=y, 

J 

(2.13) 

where fi is the frequency of the fundamental, which is a ratio of the travel time of 
a particle along the jet (W/U;) and the oscillation period (1/ Ji). The amplitude 
a; of the different pressure modes can be obtained from the amplitude p;(wi) of 
the harmonics of the measured pressure signal p'(x,..) by means of the following 
expression 

a; p;(w;) (2.14) 
sin ( w;(x:+6,,)) ' 

for the ith harmonic, having an angular frequency w; = iw1 (i = 1, 2, 3 ... ), bp is 
the end correction of the pipe and eo the speed of sound. 

In this dimensionless representation, the different curves associated with the 
fundamental w1 of each acoustic oscillation mode have now collapsed onto a single 
curve. This indicates a. common behavior of the fundamental oscillation over the 
entire range of the functioning of the instrument. The maximum ratio between 
the transverse acoustic flow velocity and the jet velocity is approximately equal 
to 1/5 and is reached at a value l/Stw ~ 6. Similar data a.re shown in Figures 
2. l 7a and 2.18a for different transverse positions y0 of the labium. A similar 
collapse is observed. 

This result is quite interesting because it shows that the dimensionless rep
resentation of the amplitude a 1 of the instrument is neither a function of the 
Reynolds number (Reh = hUi/v) nor of the Helmholtz number He = Hw/C-O. 
Clearly, the playing amplitude can therefore not be determined, as assumed in 
most models (Fletcher and Rossing, 1991), by a balance between acoustical en
ergy production by a jet drive and energy losses due to friction and radiation. 
This result indicates, as was discussed in Section 2.6, that the playing ampli
tude is determined by vortex shedding at the edge of the labium. The fa.ct that 
u;/Ui ~ 1/5 0(1) confirms the hypothesis that the amplitude saturation is due 
to a nonlinear interaction of the jet flow with the acoustically driven transverse 
flow through the mouth. We see that dimensionless representation of experimen
tal data is of considerable help in tracking basic physical mechanisms. 
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Figure 2.16: a) Dimensionless amplitude a1 of the fundamental and b) a2 of the second 
harmonic as a function of the Strouhal number Stw = Ji W /U; for operation of the experimental 
flue organ in the first three acoustical modes of the pipe (*: first mode; +: second mode; x: 
third mode). The edge of the labium was placed 4.02 mm in front of the flue exit W/h = 3.72 
and its transverse position yo was adjusted with the lower wall of the flue exit (Yo/h = 0.5, the 
zero of the transverse position is in, the middle of the flue exit). 
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Figure 2.17: a) Dimensionless amplitude a 1 of the fundamental and b) a2 of the second 
harmonic as a function of the Strauhal number Stw "" / 1 W /U; for operation of the experimental 
flue organ in the first three acoustical modes of the pipe (*: first mode; +: second mode; x: 
third mode; o: fourth mode). The edge of the labium was placed 4.02 mm in front of the flue 
exit W/h = 3.72 and its transverse position Yo was adjusted 0.25 mm above the lower wall of 
the flue exit (yo/h 0.27, the zero of the transverse position is in the middle of the flue exit). 
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Figure .2.18: a) Dimensionless amplitude a1 of the fundamental and b) 0<2 of the second 
harmonic.as a function of the Strouhal number Stw = Ii W/U; for operation of the experimental 
flue organ in the first three acoustical modes of the pipe(*: first mode;+: Second mode;x: third 
mode). The edge of the labium was placed 4.02 mm in front of the flue exit W/h = 3.72 and 
its transverse position was adjusted 0.39 mm above the lower wall of the flue exit (yo/h = 0.14, 
tlie zero of the transverse position is in the middle of the flue exit). 
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Similar data are presented in Figures 2.16b, 2.l 7b and 2.18b for the dimen
sionless amplitude a:2 of the second harmonic. When the instrument oscillates in 
the first and second acoustic mode of the pipe, the dimensionless amplitudes a:2 

display a common Strouhal number dependency. The amplitude a:2 appears to 
be lower than that of the fundamental but increases strongly as the jet velocity 
is increased. This can be correlated, as was discussed in Section 2.7, by the oc
currence of acoustically driven vortex shedding at the edge of the labium. When 
the jet velocity is further increased and the third mode of the pipe is reached, 
the dimensionless amplitude a 2 drops by an order of magnitude. This reduction 
of the second harmonic correlates with the disappearance of the "acoustically" 
induced vortex shedding .at the edge of the labium. This is due, as was observed 
in the flow visualizations of Section 2.6, to the turbulent nature of the flow in the 
mouth of the instrument for high jet velocities, which prevents the formation of 
vortices at the edge of the labium. This dimensionless analysis shows that the 
behavior of the second harmonic depends strongly on the structure of the jet. The 
dimensionless amplitude 0:2 is governed by a common Strouhal number depen
dency while the jet is laminar and displays a completely different behavior when 
the jet becomes turbulent. This contrasts with the behavior of the fundamental, 
which appears to be independent of the structure of the jet. 

In order to demonstrate that these features are general and not due to special 
properties of the experimental pipe, similar data measured on an alto recorder 
are shown in Figure 2.19. In these measurements, the body of the recorder was 
replaced by a cylinder in order to facilitate the interpretation of the data. This 
instrument behaves in a similar way as the experimental pipe which indicates a 
common behavior. Experiments with the pipe of the instrument provided similar 
results but these data are less accurate because of the uncertainty in the acoustical 
model of the pipe. 

In recorders the ratio W/h is adjusted to a value close to four. In other in
struments, such as large flue organ pipes, this ratio can be up to three times as 
high. Changing this ratio modifies the operating characteristics of the instru
ment. Figure 2.20 shows the fundamental frequency / 1 of the pressure signal 
measured in the experimental flue pipe as a function of the driving pressure Pi 
for a ratio W/h = 8.0. Comparison with Figure 2.5 shows that transitions be
tween the functioning of the instrument in the different acoustical modes of the 
resonator appear at higher blowing pressures. This can be understood from the 
fact that the perturbations on the jet have a longer distance to travel before they 
reach the labium; a higher jet velocity is therefore required in order to fulfill the 
operating conditions of the feedback loop of the system. At very low pressures 
the operating frequency is strongly dependent on the driving pressure p 1, dis
playing jumps as the driving pressure is changed. This is due to jet oscillations 
on higher hydrodynamic modes as can be observed in Figure 2.21. Increasing the 
jet velocity enables the system to reach the first hydrodynamic mode of the jet 
as shown in Figure 2.22. Nolle (1979) observed similar shifts in the functioning 
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Figure 2.19: a) Dimensionless amplitude of the fundamental and b) the second harmonic as 
a function of the Strouhal number Stw Ji W /U1 for operation of an alto recorder in the first 
four acoustical modes of the pipe (*: first mode; +: second mode; x: third mode; o: fourth 
mode). Sm and Sp are the mouth and pipe cross section, respectively. 
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Figure 2.20: Operating fundamental frequency Ji of the experimental flue organ pipe as a 
function of the driving pressure P! (Pa). The edge of the labium was placed 8.0 mm (W/h = 
8.0) in front of the flue exit and its transverse position Yo was adjusted 0.2 mm above the lower 
wall of the flue exit (y0 / h = 0.3, the zero of the transverse position is in the middle of the flue 
exit). 

of flue organ pipes for different mouth 'g~metries. At the transition between two 
hvdrodynamic modes of the jet, the response of the instrument is chaotic. Fur
ther increasing the jet velocity brings the system to operate on higher acoustical 
modes of the pipe. 

The spectra presented in Figures 2.23 and 2.24 show that the ratio IV/h also 
has important effects on the timbre of the instrument. At low driving pressures, 
the spectrum is much poorer than for smaller ratios W / h as can be seen by com
paring Figures 2.6 and 2.23. High frequencies appear in the spectrum at higher 
driving pressures such as observed in Figure 2.24. The tone is then richer but 
also very noisy. The background noise is at least 40 dB higher when using a ratio 
W/h ':::: 8 rather than a ratio W/h ':::: 4 as can be observed by comparing signals 
obtained with similar driving pressures PJ in Figures 2.6, 2.7, 2.23 and 2.24. This 
is due to the fact that, for the range of driving pressures involved, the jet is tur
bulent before it reaches the labium as shown in the flow visualizations presented 
in Figure 2.22. In order to operate the instrument in the first hydrodynamic 
mode of the jet, a higher jet velocity is needed for a ratio W/ h ':::: 8 than for a 
ratio W/h ':::: 4. The large distance between the flue exit and the labium further 
enhances this effect because the the jet has more time to develop into turbulence 
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Figure 2.21: Flow visualization of the mouth of the experimental flue pipe for a ratio W/h 
equal to 8.0 and a driving pressure of 40 Pa. The labium was placed 0.2 mm above the lower 
wall of the flue exit (y0 /h = 0.3, the zero of the transverse position is in the middle of the flue 
exit). In these conditions, the jet operates in its second hydrodynamic mode. 

Figure 2.22: Flow visualization of the mouth of the experimental flue pipe for a ratio W/h 
equal to 8.0 and a driving pressure of 270 Pa. The labium was placed 0.2 mm above the lower 
wall of the flue exit (yo/h = 0.3, the zero of the transverse position is in the middle of the flue 
exit). In these conditions, the jet operates in its first hydrodynamic mode. 
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before it interacts with the labium. 
The effects of the ratio W J h can be evaluated by using a dimensionless rep

resentation of experimental data. In Figure 2.25, the amplitude p1(wi) of the 
fundamental of the acoustic oscillations in the pipe, is plotted as a function of 
the driving pressure PJ· In Figure 2.26, these data are made dimensionless by 
using equations 2.12 and 2.14 and are presented as a function of the Strouhal 
number Stw = JW/Ui. 

Operation of the instrument in the second hydrodynamic mode of the jet 
is clearly observed at low blowing pressures. In this mode, the dimensionless 
amplitude is weak compared to that of Uie first hydrodynamic mode. This could 
be due to the fact that, as can be observed in Figure 2.21, the jet oscillation is 
saturated by a breakdown of the jet into discrete vortices. The vortices appear 
on each side of the jet, as a result of the roll-up of the unstable shear layers of the 
jet. These vortices are fully developed before the interaction of the jet with the 
labium. At higher blowing pressures, the data corresponding to operation in the 
first hydrodynamic mode of the jet again collapse on a single curve, regardless of 
the acoustical mode of the resonator. In this hydrodynamic mode, the oscillations 
of the jet have again a high amplitude compared to the jet width h, as can be 
observed in Figure 2.22. It is interesting to note that this curve roughly has 
the same shape and corresponds to amplitudes close to that presented in Figures 
2.16a, 2.17a and 2.18a for a ratio W/h = 3.72. It is fascinating to note that the 
measured maximum ratio u;f Ui between the transverse acoustic velocity in the 
mouth and the jet velocity is again close to 1/5 even though the mouth geometry 
has been changed. This indicates that the dimensionless representation grasps 
a quite fundamental characteristic of the functioning of flue instruments. The 
mechanisms involved are not yet quantitatively understood. 

The dimensionless amplitude of the second harmonic is presented in Figure 
2.26b as a function of the Strouhal number for a ratio W/h = 8.0. Its evolution 
with the jet velocity is quite similar to that obtained for a ratio W / h = 3. 72 during 
operation in the first hydrodynamic mode of the jet and the first acoustical mode 
of the pipe. The behavior in the second and third acoustical mode of the pipe 
are quite different, however, displaying strong minima for values of the Strouhal 
number 1/ Stw = fi W/ Ui close to 7. We have no explanation for these minima. 

The maximum efficiency of flue instruments for the fundamental is obtained 
for values of the Strouhal number in the range 0.14 < Stw = /1 W/ Ui < 0.2. This 
range of Strouhal number also enables one to obtain a strong second harmonic. 
The corresponding jet velocities necessary to obtain these Strouhal numbers are 
determined by the ratio W/ h. For small ratios such as in recorder-like instru
ments, the jet is laminar for this range of Strouhal numbers while it is turbulent 
for larger distances such as in large flue organ pipes. The higher jet velocities 
found in flue organ pipes enable one to obtain a much more powerful sound than 
in recorders but at the expense of turbulence noise. Recorders require a minimum 
of air flow in order to obtain a rich timbre, which is a reasonable requirement 
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Figure 2.23: Power spectra of the pressure signal p' (in dB rel 20 µPa) measured in the small 
experimental recorder-like organ pipe at the end of the resonator (50.25 mm from the passive 
end of the pipe) for a driving pressure PJ of a) 41 Pa (Stw =Ji W/U; = 0.49, where Ji is the 
frequency of the fundamental and U; is the jet velocity); b) 265 Pa (Stw = 0.19); c) 500 Pa 
(Stw 0.14). The edge of the labium was placed 8.0 mm ( W /Ii = 8.0) in front of the flue exit 
and its transverse position was adjusted 0.2 mm above the lower wall of the flue exit (y0 //i = 
0,3, the zero of the transverse position is in the middle of the flue exit). 
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Figure 2.24: Power spectra of the pressure signal p' (in dB rel 20 µPa.) measured in the small 
experimental recorder-like organ pipe at the end of the resonator (50.25 mm from the passive 
end of a 0.283 m long pipe) for a driving pressure Pt of a) 870 Pa (Stw = fh/Ui = 0.10, where 
fi is the frequency of the fundamental and Uj is the jet velocity) where Po is the density of 
air); b) 2156 Pa (Stw = 0.14); c) 3645 Pa (Stw = 0.16). The edge of the labium was placed 
8.0 mm (W/h = 8.0) in front of the flue exit and its transverse position was adjusted 0.2 mm 
above the lower wall of the flue exit (Yo/h = 0.3, the zero of the transverse position is in the 
middle of the flue exit). 
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Figure 2.25: Amplitude p1(w1) of the fundamental as a function of the driving pressure PJ 
for the small experimental flue pipe. The microphone was placed 277.8 mm from the passive 
end of the pipe. The distance between the flue exit and the labium was adjusted to 8.0 mm 
(W/h = 8.0) and its transverse position Yo was adjusted 0.2 mm above the lower wall of the 
flue exit (yo/h = 0.3, the origin of Yo is in the middle of the flue exit). 

for an instrument driven by human power. The shorter ratio W/ h also implies 
that transitions between operation in the different acoustic modes of the pipe 
are reached at lower blowing pressures, which is convenient in order to be able 
to play the instrument over a large register. Another advantage of a small W/h 
ratio for recorders is the fact that they al ways operate in the same (the first) 
hydrodynamic mode of the jet, which means that there is no chaotic transition 
region between different jet modes. This probably results in a better control of 
attacks by the musicians. This flexibility is probably not as important in flue 
organs where a pipe is adjusted by the organ builder to play a single note. 

The choice of a particular ratio W/h determines the structure of the jet in 
playing conditions. A jet oscillation and jet drive model based on the movement 
of a laminar jet with a linear amplification of the jet perturbation as is assumed 
in most flue instrument models (see Chapter 4), is most likely to be valid for 
describing flue instruments having a. small ratio W/ h. This kind of model is 
certainly not valid for operation of the system on higher hydrodynamic modes 
of the jet and is probably not appropriate for describing the oscillations of a 
turbulent jet as occurring in big flue organ pipes. 
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Figure 2.26: a) Dimensionless amplitude of the fundamental and b) the second harmonic as 
a function of the Strouhal number Stw = Ji W/Ui for operation of the experimental flue organ 
in the first three acoustical modes of the pipe (*: first mode; +: second mode; x: third mode). 
The edge of the labium was placed 8.0 mm in front of the flue exit W/ h B.O and its transverse 
positions Yo was adjusted 0.2 mm above the lower wall of the flue exit (yo/ h = 0.3, the zero of 
the transverse position is in the middle of the flue exit). 
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2.9 Influence of the transverse position of the 
labium 

Another parameter which is important for the timbre of the instrument is the 
transverse position y0 of the labium with respect to the flue channel axis. In flue 
organ pipes and recorders this parameter is fixed by the craftsmen, but in flutes 
it can be varied by the musician. These effects have been studied by Nolle ,and 
Fletcher in flue organ pipes (Nolle, 1983; Fletcher and Douglas, 1980) and could 
be linked to a change in the waveform of the flow on each side of the labium 
which determines the jet-drive of the acoustic oscillations in the resonator. 

Figures 2.27 show the effects of the transverse position y0 of the labium on 
the amplitude of the first and second harmonic of the pipe for a typical Strauhal 
number (Stw = j 1W/U; = 0.099) which correspond to optimal sound produc
tion. This parameter appears to affect dramatically the amplitude of the second 
harmonic. The same effects can also be observed by comparing Figure 2.16b, 
2.17b and 2.18b. A minimum of this harmonic is observed when the labium is 
slightly decentred with respect to the flue exit. As explained by Fletcher this 
minimum is due to a symmetric jet-drive. Oscillation in the third mode of the 
pipe is also strongly dependent on the transverse position of the labium. Oscil
lation in this mode is only possible when the transverse position of the labium is 
adjusted within the range 0.30 < yo/ h < 0.50. In recorders the labium is usually 
adjusted with the lower wall of the flue exit, which appears to be essential in 
order to obtain a strong second harmonic and to be able to overblow the pipe 
twice. 

2.10 Attack transients of recorder-like instru
ments 

The attack transient is an important element of the sound produced by an instru
ment. Transients are crucial from the point of view of perception and constitute 
the "signature" of the instrument. Attack transients in flue instruments are gen
erally very long in comparison to that of other wind instruments. Transients can 
typically last 20 to 40 times the period of the fundamental oscillation of the pipe. 
This emphasizes the importance of this regime. Transients in flue instruments 
have been studied experimentally by Castellengo (1976, 1994), Keeler (1972a, 
1972b), Nolle (1979, 1992) and Angster (1989). 

Typical transients obtained with the experimental flue organ pipe for smooth 
and fast driving pressure rises are shown, with the corresponding driving pressure 
signals Pi, in Figures 2.28 and 2.29, respectively. The response of the instrument 
strongly depends on the steepness of the driving pressure rise. In the case of the 
fast attack, the transient is triggered almost immediately after the pressure has 
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Figure 2.27: a) Dimensionless amplitude of the fundamental and b) the second harmonic as 
a function of the transverse position Yo of the labium for a Strouhal number Stw = fi W/Uj = 
0.099 (*: first acoustic mode of the pipe;+: second acoustic mode and x: third acoustic mode). 
The edge of the labium was placed 4.02 mm in front of the flue exit (W/h = 3.7). A ratio y0 /h 
of zero corresponds to the middle of the flue exit and positive values are oriented towards the 
interior of the pipe. 
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started to rise· and the initial response of the instrument is very complex. The 
response of the instrument is often dominated, at first, by harmonics others than 
the fundamental which later fade out gradually. With a slow driving pressure 
rise, the triggering of the transient occurs after a certain delay and the transient 
is smooth and monotonic. 

Attack transients measured on an alto recorder played by a musician a.re 
shown in Figures 2.30 a.nd 2.31. In these examples, the musician used either 
single tonguing or an "h" attack (brought about by blowing in the instrument 
with a toneless h) which are typical articulations used in recorder playing. The 
responses of the instrument are very much like those obtained on the experimental 

· flue organ pipe by varying the steepness of the driving pressure rises. Similar 
observations could also be made on many different types of recorder instruments 
ranging from the bass recorder to the sopranino recorder. This kind of attack 
transient and its sensitivity to the steepness of the driving pressure rise will be 
examined in Chapter 3. . 

Theoretical models of the attack transients in flue instrument have been pro
posed by Fletcher (1979) and Nolle and Finch (1992) in which the evolution of 
the different harmonics is followed as a function of time, These models, however, 
assume that the jet is instantaneously formed during the attack transient and 
has reached its steady-state velocity U; = J2P1 /po. The different steps of the jet 
formation are quite complex, however. They will be described in Chapter 3. 

It should be pointed out, as demonstrated experimentally by Castellengo 
(1976, 1994), that the transient is often dominated by an initial burst of high 
frequency oscillations. These oscillations are also found when the acoustic reso
nances of the pipe have been damped by using a muffler or when the pipe has 
been removed. This suggests that this phenomenon could be related to edgetone 
oscillations of the jet. In Chapter 4, a jet oscillation model allowing this behavior 
will be presented. Finally, it should be mentioned that musicians may obtain 
sharper attacks, especially of low notes, by hitting the finger holes with their 
fingers at the moment of the attack. In this way, they provide the resonator 
with some acoustical energy which helps the triggering of the pipe tone auto
oscillations. This technique is especially important for bass-recorders which can 
not respond satisfactorily without such an initial impulse. 

2.11 Turbulence noise 

Whistling and windy sounds are very typical of the timbre of many flue instru
ments. In some organ pipe registers, this type of sound is even dominant (Castel
lengo, 1976). As discussed previously, turbulence noise is enhanced by increasing 
the ratio W/h between the distance W from the flue exit to the labium and the 
height h of the flue exit. Turbulence noise is therefore more characteristic of large 
flue organ pipes than for recorders. It is also very typical of the timbre of flutes, 
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Figure 2.28: Attack transient measured on the experimental flue organ pipe with a fast 
driving pressure rise. a) Driving pressure signal PJ and b) corresponding response Pp of the 
pipe measured under the labium. 
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Figure 2.29: Attack transient measured on the experimental flue organ pipe with a smooth 
driving pressure rise. a) Driving pressure signal Pl and b) corresponding response Pp of the 
pipe measured under the labium. 
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Figure 2.30: Attack transient measured on an alto rec.order with a simple tonguing attack. 
a) Driving pressure signal PJ in the mouth of the musician and b} corresponding response Pp 
of the pipe measured under the labium. 
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Figure 2.31: Attack transient measured on an alto recorder with an aspirated "h" attack. a) 
Driving pressure signal Pl in the mouth of the musician and b) corresponding response Pp of 
the pipe measured under the labium. 
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especially in the higher registers and modern playing technique (Castellengo and 
Fabre, 1994). 

Turbulence noise is characterized by a broad-band spectrum. It results in 
the presence of small bumps between tone components, as can be tlearly seen 
from the spectra presented in Figures 2.23 and 2.24. These bumps correspond 
to an enhancement of the noise radiation by the resonator. They appear at 
frequencies corresponding to the passive resonances of the pipe, which are not 
exactly harmonically related. This occurs because the production bf sound by 
turbulence is not driven by the auto-oscillations of the system; turbulence noise 
can be heard when blowing into the instrument without exciting a pipe tone (such 
experiments will be discussed in Chapter 5). 

The level of the turbulence noise strongly depends on the driving pressure, as 
can be observed by comparing the different spectra presented. It is interesting 
to note in Figure 2.24 a sudden increase of the broad-band noise of nearly 20 
dB at a frequency of 8.1 kHz. This corresponds to the cut-off freqliency of the 
higher pipe modes. This transverse oscillation of the resonator is excited by 
the turbulence in the mouth of the instrument. Bass instruments have broad 
pipes with a cut-off frequency close to the most sensitive frequency range of our 
ear (lkHz < f < 4kHz). We expect turbulence sound to be influenced by the 
coupling with the transversal pipe modes in bass instruments. 

The generation of sound by turbulence and the characterization of a noise 
source in recorder-like instruments will be examined in Chapter 5. Although 
the simulation of turbulence noise in typical playing conditions Ii1ight not be 
fundamental for recorder-like instruments, it is expected to yield more natural 
sounds, especially in high registers when the jet is turbulent. It is also important 
for simulating large flue organs and the flute. 

2.12 Conclusions 

Dimensionless representation of data measured on different flue instruments shows 
that the dimensionless amplitude of the fundamental of the acoustic response of 
the instrument is, for the first hydrodynamic mode of the jet, a function of the 
Strouhal number (only), regardless of the acoustic mode excited and the pipe and 
mouth geometry of the instrument. The maximum ratio between the acoustic 
flow velocity in the mouth and the jet velocity appears to be approximately equal 
to 1/5. This universal behavior indicates that amplitude saturation is due to a 
nonlinear interaction of the acoustic flow with the jet flow. The amplitude of 
the fundamental can not be simply determined by a balance between acoustical 
energy production by a jet drive and energy losses due to friction and radia
tion. The optimal efficiency of the instrument is obtained at a Strouhal number 
Stw = JW/U; :::: 0.1. This value also enables one to obtain a strong second 
harmonic, sometimes as important as the fundamental, and the presence of high 
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frequency components in the spectrum. The dimensionless amplitude a-2 of the 
second harmonic displays two distinct kinds of behavior depending on whether 
the jet is laminar or turbulent. These observations are correlated with visual· 
izations of the flow in the mouth of the instrument, which suggest that vortex 
shedding at the edge of the labium plays an important role. Fabre (1992; 1995) 
has shown that vortex shedding at the labium represents a very significant non· 
linear loss mechanism for the fundamental and a sound source for the second and 
higher harmonics. 

Although the dimensionless amplitude of the acoustic response of flue instru
ments appears to be determined by a physical mechanism common to different 
instruments, the choice of a particular mouth geometry has important conse
quences on their timbre. The jet velocity needed for an optimal operation is 
determined by the fundamental frequency of the oscillation and the ratio W/ h 
between the distance W from the flue exit to the edge of the labium and the 
height h of the flue exit. Recorder makers have favored a ratio W/h ~ 4. This 
results., in normal playing conditions, in low jet velocities. The range of Reynolds 
numbers obtained in a recorder geometry, 1000 < Re = Uih/ 11 < 2000, ensures 
that except for the highest notes, the jet is laminar up to the labium. Play
ing a recorder therefore requires lower blowing pressures than flue organ pipes 
with larger ratios W / h, which might be convenient from the point of view of the 
musician but also results in a modest playing amplitude. 

In large organ pipes, craftsmen wish to obtain a powerful sound which requires 
a high jet velocity and therefore a large ratio W / h. This is obtained at the expense 
of a noisy sound, which is very characteristic of romantic flue organ pipes. The 
noise in large flue organ pipes is further enhanced by the response of transversal 
pipe modes to the turbulence at frequencies close to the sensitive range of our 
ear. A drawback of a large ratio W/h, for the stability of the instrument, is 
the fact that at low blowing pressures, it may allow oscillation of the jet in its 
second hydrodynamic mode. When a single note is played on an organ pipe, 
one can clearly hear the transition from the first to the second mode of the 
jet after the release of a key; the sound reappears after it has died out a first 
time. The specific ratio W/h = 4 of recorders only allows oscillation of the jet 
in its first hydrodynamic mode. Since transitions between functioning in the 
different hydrodynamic modes of the jet are accompanied by a chaotic response 
of the instrument, a choice of W/h 4 can help to obtain sharp attacks. These 
features might not be important for flue organ pipes, which are adjusted to play 
only one note in a limited range of driving pressures in contrast with recorders 
which must respond well over more than two octaves. 

Recorders seem to have been optimized by craftsmen to yield an optimal 
harmonic content to noise ratio and clear attacks. This, however, results in 
an instrument that is not very powerful, which might be a problem, musically, 
when playing recorders with other instruments. Recorders indeed seem to have 
lost their popularity among composers after their golden age during the baroque 
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period. During the classical and the romantic period, during which the orchestra 
became larger and its different instruments were improved, relatively few works 
were written for recorders and flutes. It is only with the advent of the Boehm 
flute (Boehm, 1871) in the middle of the nineteenth century that the repertoire 
of flute-like instruments was substantially enriched. 

The scope of this study will be limited to recorder-like instruments. This 
particular choice of geometry seems to be the most reasonable and appropriate 
in order to obtain a simple physical model for sound synthesis of flue instruments. 
It limits the range of functioning of the instrument to a laminar jet and the first 
hydrodynamic mode of the jet. It is not realistic, at the present time, to envisage 
time domain physical modeling of complex phenomena such as oscillations of the 
jet in its second hydrodynamic mode and of a turbulent jet such as observed in 
organ pipes and flutes. 
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Chapter 3 

Jet formation and jet velocity 
fluctuations in a flue organ pipe 

Abstract 

Flow visualization of the initial transient in a small recorder-like flue 
organ pipe is presented and the various stages of the jet formation are 
related to measurements of the acoustic response of the pipe. An initial 
acoustic signal, due to the unsteady volume flow of the jet, appears before 
the forming jet reaches the labium. This signal can easily be modeled using 
a low frequency approximation. The initial trajectory of the jet makes a 
curve towards the exterior of the pipe. Under certain conditions, the jet 
may even, at first, miss the labium. We relate this effect to the steepness 
of the pressure rise in the foot of the pipe. The initial impact of the jet 
with the labium appears to be a crucial factor in the triggering of the 
transient. Moving the labium towards the exterior of the pipe, using a 
steep pressure rise or putting ears around the mouth increase the chances 
that the jet will hit the labium. This initial impact is followed by an im
pulsive vortex shedding at the labium and subsequently a high frequency 
varkose-like oscillation is observed on the jet. This oscillation is also ob
served without labium. After about three periods Lfthe fundamental mode 
of the pipe, turbulence appears therefore destroying these coherent struc
tures. Whereas the time dependence of the jet velocity dominates the first 
stage of the starting transient, the jet velocity fluctuations during steady
st.ate result in a non-negligible damping. This' loss mechanism is, for the 
fundamental mode of our experimental organ pipe, of the same order of 
magnitude as the radiation or visco-thermal damping. 

This chapter was originally published as a journal article (Verge, M.P., Fabre, B., Mahu, 
W .E.A., Hirschberg, A., van Hassel, R.R., Wijnands, A.P.J., .de Vries, J .J ., Hogendoorn, C.J. 
(1994), J. Acoust. Soc. Am., 95(2):1119-1132). 
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3.1 Introduction 

The aim of the present research is to develop physical models of flute-like musical 
instruments suitable for time-domain simulations. The work presented in this 
paper is based on experimental measurements which are described in the following 
sections. We will mainly focus on the initial transient. Indeed, this regime 
appears to be crucial from the point of view of perception and therefore represents 
an important element of a good simulation. We concentrate on the first stage 
of the transient at the moment at which the jet formation results, by volume 
injection into the system, in a variable volume flux into the pipe and hence 
the formation of an initial acoustic wave at its entrance. In order to describe 
our observations of the response of the pipe during the first phase of the initial 
transient, we propose a simple physical model which is used for time-domain 
simulations. We then present calculations of the jet formation time obtained with 
different methods and a simple model to describe the trajectory of the forming 
jet. In the literature, a constant jet velocity is assumed during steady-state. 
However, we show that the velocity variations during this regime are significant 
enough to induce a non-negligible damping of the oscillation in the pipe. It is 
interesting to note that in spite of the simple nature of many of the effects which 
are described in this paper, they have not been considered before in the literature. 

Flue organ pipes are usually modeled as a feedback loop composed of a linear 
resonator coupled to an excitator, the jet-edge system (Cremer and Ising, 68; 
Fletcher and Rossing, 1991; Mcintyre et al., 1983; Elder, 1973). The jet itself 
is assumed to be a linear amplifier which responds to the acoustic flo~ at the 
flue exit. The non-linearity of the system, which is necessary to reach a finite 
oscillation amplitude upon steady-state operation, is commonly assumed to be a 
saturation of the jet drive when the lateral displacement of the jet at the labium 
becomes larger than the jet width. While this theory is considered to be fairly 
accurate, it nevertheless fails to predict important parameters: the predicted 
blowing pressure threshold for steady-state oscillation is approximately a factor 
three too high (Fletcher, 1976a) and the amplitude of the fundamental mode of 
the acoustic oscillation is overestimated by one order of magnitude (Fabre, 1992). 

The study of Fabre (1992) shows that acoustically induced vortex shedding 
at the labium, which correspond to the amplitude dependence of the mouth 
impedance reported by Coltman (1968), constitutes a very crucial non-linear 
damping much more important than the linear visco-thermal or radiative losses 
considered by Fletcher (Fletcher and Rossing, 1991; Fletcher 1976b). As sug
gested by Fabre, this impulsive vortex shedding at the labium which occurs at 
high blowing pressure also largely determiries the generation of higher harmonics 
and hence, the musical quality of the sound. In this sense, the use of a vor· 
tex sound theory focusing on the flow around the labium, as proposed by lfowe 
(1975), appears to be a powerful approach. However, the vortex shedding yields a 
damping of the fundamental rather than an amplification as suggested by Howe. 
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The experimental measurements presented in this paper will show that vortex 
shedding at the labium also drastically affects the initial transient. We will how
ever leave the discussion of this aspect of the problem for a subsequent paper. 
At the present time, we will only focus on the formation of the jet. We should 
finally stress that we are only able to propose qualitative information for the 
observations that we present. 

3.2 Experimental procedures 

In our experimental study, at the Eindhoven University of Technology, we have 
used a small organ pipe with a geometry typical of Dutch street pipe organs 
and renaissance recorders. The use of an organ pipe instead of a flute eliminates 
the human factor, which is convenient from an experimental point of view. For 
reasorls of simplicity, we have also chosen a geometry with sharp edges and a 
straight flue channel. This does not correspond to a musically optimal configura
tion. Nevertheless, the features described in this paper are very general and are 
expected to appear in very different types of musical instruments. 

The geometry of our flue organ pipe is shown in Figure 3.1. The pipe is 283.0 
± 0.1 mm long and is open at its passive extremity. The upper wall at the mouth 
of the pipe has an edge with an angle of 15° which forms the labium. The pipe 
width H is 20.00 ± 0.05 mm. The walls are made out of brass and are 5 mm 
thick. The foot of the pipe has a length of 75 mm and a volume V of 34 cm3 . It 
is connected to the mouth of the pipe by a 20 mm long channel of variable height 
h and whose width His the same as that of the pipe. At the flue exit, the height 
h. of the channel is equal to 1.01 ± 0.02 mm. The lower edge of the flue exit 
is located 19.92 ± 0.01 mm above the lower wall of the pipe. The distance W 
between the edge of the labium and the flue exit is 4.05 ±0.05 mm, the mouth 
surface Sm is therefore equal to 81 mm2• The upper wall of the pipe (or lower 
part of the labium) was placed at a distance y0 equal to 0.30 ± 0.02 mm above 
the lower wall of the flue channel. Hence the pipe cross section area Sp is 404.40 
mm2• Typical radii of curvature of the edges in the organ pipe are 0.03 mm at 
the labium and 0.02 mm for the edges of the flue channel exit. 

The foot is delimited upstream by a 8 mm diameter circular diaphragm cov
ered with a fine gauze with a mesh size of about 1 mm. The aim of this diaphragm 
and gauze is to damp out the oscillations of the pressure PJ in the foot. The air 
entering the pipe is delivered to the foot by a 10 cm long pipe with a diameter 
of 2 cm fixed on a 8 liter settling chamber. This chamber is connected through a 
10 m long pipe with an inner diameter of 19 cm to a large pressure supply room 
of 3600 m3

• The room in which the set-up is placed has a volume of 47 m3 . The 
pressure difference between this room and the pressure supply is maintained by 
the ventilation system of the building (stability 0.5 Pa). The flow is triggered by 
opening a valve with a diameter of 2 cm just upstream of the foot of the pipe. 
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20 75 20 279 

Figure 3.1: Experimental organ pipe (dimensions in mm). 

This valve consists of a small wooden plate which is driven like an arrow by a 
crossbow. It can be pulled mechanically when the crossbow is used; the typical 
rise time T of the pressure P! is then of about 0.5 ms and the experiment can be 
reproduced accurately. For a smoother pressure rise ( T ::::::1 10 ms) the valve can 
be pulled manually. In this case the reproducibility of the experiments is poor 
and hence the data of different experiments are not accurately correlated. 

The pressure PJ in the foot of the pipe and the pressure pp at its entrance (just 
below the mouth, 277.80 mm from the end of the pipe) are measured by using 
acceleration-compensated piezoelectrical gages (type PCB 116 A). The gages are 
mounted flush in the walls and their position is shown in Figure 3.1. The charge 
delivered by the gages is amplified by means of charge amplifiers (Kistler type 
5007, with a bandwidth extending between 0.1 Hz and 22 kHz) and transmit
ted to a digital memory (8 bits, 2048 samples) for further analysis with a PC. 
The pressure gages were calibrated with an accuracy of 1 %. Flow visualization 
through glass windows placed around the mouth are done using a Schlieren tech
nique (Merzkirch, 1974). A refractive index difference between the gas flowing 
out of the flue exit and the air in the pipe is obtained by filling the foot of the 
pipe with C02 prior to each experiment. The light source is a Nanolite spark 
discharge with a duration of 80 ns. The light spark is triggered by the output of a 
delay line driven by the pressure signal P!· For each experiment, a single picture 
of the flow is taken at a given instant determined with an accuracy of 10 µs. This 
procedure is then repeated for different delays in order to obtain the series of 
pictures shown in Figures 3.4 and 3.5 and 3.6. As noted above, when the valve 
is driven by the crossbow the transient can be reproduced. For manual open
ings of the valve, the sequence of pictures shown do not correspond to identical 
pressure signals and can only be compared qualitatively. However, the difference 
between the two types of transient is so dramatic that even such a comparison 
is interesting. Please note that as pure C02 is used, the gas density in the flue 
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channel is significantly changed in comparison to the density of air and this has 
to be taken into account in our theoretical analysis (We use the density of C02). 

However, the organ pipe itself is free of C02 so that its acoustical properties are 
not modified. Furthermore, experiments and theoretical analysis by Fabre (1992) 
show that C02 injection does not significantly modify the sound production in 
the pipe. 

3.3 Pressure signals 

The initial rise of the pressure PJ in the foot of the pipe is controlled by the speed 
of the opening of the valve. Pressure signals measured in the foot for a fast and 
a slow opening of the valve are shown in Figures 3.2a and 3.3a. A steep pressure 
rise with a characteristic rise time of 0.5 ms is obtained by opening the valve with 
the crossbow. As seen in Figure 3.2a, the pressure history shows an overshoot of 
about 25% of the steady-state mean value followed by oscillations at about 1 kHz 
which are damped out within approximately 15 ms. The pressure rise is preceded 
by a high frequency noise generated by the friction of the wooden valve driven 
by the crossbow. This noise does not appear to have a strong influence on the jet 
velocity response but may limit the generality of the observations we will make. 
A much smoother pressure rise is obtained with a manual opening of the valve. 
The typical rise time is then of the order of 10 ms. This time can be considered 
as being relatively long compared to the round trip time of a wave travelling 
in the resonator (about 2 ms for our experimental :flue pipe). Hence we have, 
with the mechanical and manual opening of the valve, two sets of experiments 
corresponding to extreme situations. In typical playing conditions, the rise time 
is expected to lie within these two limits (Nolle and Finch, 1992). 

Measurements of the pressure signal Pp at the pipe entrance corresponding to 
the driving pressure histories of Figures 3.2a and 3.3a are shown in Figures 3.2b 
and 3.3b respectively. A dramatic dependence of the pipe pressure response on 
the foot pressure rise time is observed. When a steep pressure rise is used, the 
formation of a small pressure pulse with a duration of about 2 ms is noticed just 
after the opening of the valve. As will be seen later, this first pressure pulse is 
due to the initial acceleration of the jet which results in an unsteady volume :flow 
into the pipe. This pulse is difficult to see at first glance because it is preceded 
by noise due to the friction of the valve. However, as seen in Figures 3.lOb and 
3.llb, this pulse reproduces well and its magnitude appears to correspond to the 
theoretical prediction which we will discuss further. Some 4 ms after the start of 
the opening of the valve, pressure peaks are observed. This is followed, after some 
complex initial pressure response, by a periodic sequence of peaks at regular time 
intervals (about 2 ms) that correspond to the fundamental mode of the pipe. For 
steep driving pressure rises, the initial oscillation in the pipe is often dominated 
by a frequency corresponding to the second or third mode of the pipe. After 
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Figure 3.2: Measured pressure signal for a fast valve opening: a) in the foot of the pipe; b) 
at the entrance of the pipe. 
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Figure 3.3: Measured pressure signal for a slow valve opening: a) in the foot of the pipe; b) 
at the entrance of the pipe. 
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an exponential growth of the oscillation, saturation occurs along with a shift 
towards a lower acoustic mode of the pipe (Fabre, 1992; Nolle and Finch, 1992; 
Fletcher, 1976c; Angster a.nd Miklos, 1989). Below 190 Pa, our experimental flue 
pipe sounds at its fundamental mode under steady-state conditions, while above 
270 Pa the second mode prevails. It is interesting to note that the amplitude of 
the steady-state pressure signal pp is comparable to the average pressure PJ in 
the foot. As will be seen in Section 3.5.5 this results in jet velocity fluctuations 
which are not negligible. A consequence of these jet velocity fluctuations is that 
they induce pressure variations in the foot of the pipe. This is dearly seen on 
the pressure signals of Figures 3.2a a.nd 3.3a where an oscillation at the same 
frequency as that of the acoustic signal in the resonator is observed. 

The pressure history for a manual opening of the valve is quite different from 
the one we have just discussed for the mechanical opening. With a smooth 
pressure rise, the initial pressure pulse induced by the variable volume flux during 
the formation of the jet is faint yet clearly observable. It is followed by about 
20 ms of relative silence. The acoustic oscillation in the pipe then starts and is 
dominated by the third mode of the pipe. In contrast with the. behavior induced 
by the fast valve opening, the growth of the acoustic oscillation is smooth. The 
saturation amplitude is reached after about 30 oscillations and it then slowly 
shifts towards the fundamental mode frequency. 

Similar measurements carried out on an alto recorder showed that the response 
of the instrument depends on the same way on the steepness of the driving pres
sure rise measured in the mouth of the musician (Verge and Causse, 1993). It 
is very interesting to see that observations made on an experimental organ pipe 
are also found on a musical instrument and therefore seem to have a certain 
generality. 

3.4 Flow visualization 

The flow visualizations corresponding to the driving pressure signals of Figures 
3.2a and 3.3a are shown in Figures 3.4 and 3.5 respectively. For the fast opening, 
we show the flow at intervals of approximately 0.5 ms during the first 6 ms. For 
the slow valve opening, we show the first 10 ms with time intervals of 1.5 ms. 
On the first picture of Figures 3.4 and 3.5, it is seen that the flow at the flue 
exit separates from the walls at the flue exit forming a pair of vortices. The flow 
separation at the sharp edges is due to friction. Initially, the two vortices grow 
independently and their paths make an angle of about 45° with the flue axis. 
After the vortices have travelled a distance comparable with the flue exit width 
he, the horizontal velocity which they induce on each other becomes dominant. 
The two vortices travel towards the labium as they grow further. At this point 
it is clearly observed that the vortex pair and the jet which is formed behind 
it do not follow a straight path along the flue channel axis. Indeed, the vortex 
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pair trajectory makes a curve towards the exterior of the mouth. This effect is 
much more pronounced for the slow valve opening than for the fast one. This 
flow deflection is expected to be a consequence of the asymmetry between the 
flow distribution at the flue exit; a more quantitative discussion of this effect is 
given in section 3.6.2. 

Due to the strong deflection when a slow opening of the valve is used, the 
vortex pair at the front of the jet passes at some distance from the labium. 
A strong interaction of the jet with the labium is therefore delayed. The flow 
visualization shows that in these conditions the jet touches the labium some 4 
ms later. When the fast opening is used, the jet hits the labium at once about 
2 ms after the opening of the valve. As was discussed in the introduction, the 
impact of the jet with the labium is an event that generates an acoustic wave 
at the entrance of the pipe since it results in the shedding of a vortex (Powell, 
1990). We indeed observe strong fluctuations in the pipe response after the jet 
has reached the labium. The contact of the jet with the labium therefore seems to 
be an important element in the triggering of the transient. It is however difficult 
to relate systematically the various flow observations to a particular pressure 
response. Indeed, the flow complexity is further increased by the appearance of 
a varicose type oscillation of the jet with a frequency dose to the most unstable 
frequency of a planar jet as observed by Sato (1960) (Sr = fh;/Uj 0.23, 
where Sr is the Strauhal number, hj the jet height, f the frequency and Uj the 
jet speed). This oscillation around 3 to 4 kHz may correspond to an edge-tone 
feedback loop (Kaykayoglu and Rockwell, 1986a). While, as is seen on Figure 3.6, 
similar instabilities are observed also in experiments in the absence of a labium, 
there is a dear correlation between the onset of these instabilities and the contact 
of the jet with the labium. It is also unlikely that these oscillations are induced 
by the oscillation of the pressure Pf in the foot of the pipe since we do not observe 
a significant signal around 3 kHz in the foot. Furthermore, such high frequencies 
would be integrated by the large inertia of the air in the long flue channel used 
in our experiments. 

It is interesting to note that we do not observe a strong pipe response at the 
frequency corresponding to the planar instability of the jet. This contrasts with 
earlier experiments (Hirschberg et al., 1990) where we did observe such a high 
frequency response during the initial transient. Nolle (1992) and Castellengo 
(1976) have also observed high frequency bursts during the first milliseconds of 
organ pipe and recorder responses which may be related to an edge-tone phe
nomenon. In particular Castellengo obtained such bursts in a recorder both with 
and without a pipe (Fabre, 1992). 

After 4 or 5 ms turbulence gradually appears thus washing out the coherent 
two-dimensional structures on that portion of the jet moving away from the 
labium. After the contact between the jet and the labium has been established, 
transversal oscillations of the jet are observed. Because we consider here an 
asymmetric labium position, the jet only interacts with the edge of the labium 
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a) b) c) 

d) e) f) 

g) h) i) 

Figure 3.4: Flow visualization at the mouth of the pipe for a steep pressure rise in the foot 
of the pipe similar to that of shown in Figure 3.2a. The different pictures were taken a) 1.69 
ms, b) 1.98 ms, c) 2.49 ms, d) 3.03 ms, e) 3.50 ms, f) 4.13 ms, g) 4.44 ms, h) 5.12 ms and i) 
5.56 ms respectively after the opening of the valve. 
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a) b) c) 

d) e) f) 

Figure 3.5: Flow visualization at the mouth of the pipe for a slow pressure rise in the foot of 
the pipe similar to that of shown in Figure 3.3a. The different pictures were taken a) 2.5 ms, 
b) 4.0 ms, c) 5.5 ms, d) 7.0 ms, e) 8.5 ms and f) 10.0 ms respectively after the opening of the 
valve. 

a) b) c) 

Figure 3.6: Flow visualization of the formingjet without labium (only the upper wall of the 
pipe is removed). 
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Figure 3. 7: Simple one-dimensional acoustic model. 

when it is in its most inward position. Vortices are then shed to which correspond 
sharp acoustic pulses in the pipe response. This represents a highly non-linear 
interaction between the jet and the labium even for an oscillation amplitude 
small compared to the jet width. This non-linearity certainly strongly encourages 
the oscillation of higher-order modes of the pipe during the initial phase of the 
transient. 

3.5 Pipe response to jet volume flux 

3.5.1 Simple acoustic model 

Our analysis of the effects of the initial volume injection into the mouth of a flue 
organ pipe is based on the simple one-dimensional acoustic model presented in 
Figure 3.7. The tube on the left represents a region around the flue exit small 
enough, compared to the wavelength of the acoustic movements considered, to 
neglect locally the effects of compressibility. The cross section Sm of this tube is 
equal to that of the mouth and its length 6m represents the end correction that 
can be associated with the mouth. The larger tube on the right, having the same 
cross section SP and length LP as that of the pipe, represents the resonator where 
propagation phenomena take place. The flue exit, where flow injection occurs, is 
located at coordinate x = -6;n with x an axis parallel to the tubes. Flow and 
pressure continuity is assumed at the interface between the two tubes. 

The end correction Dm can be determined theoretically by assuming that it 
consists of three terms (van Steenbergen, 1990): 

(3.1) 
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The first term be is the contribution due to the mouth constriction. If we con
sider this constriction as a diaphragm with an opening of rectangular surface 
W H placed asymmetrically in a pipe of cross section H 2 , we can calculate the 
correction be with the expression proposed by Morse and lngard (1968): 

4 (1 7rW I 11'W) 6 = -W Jn - tan - + - cot -
e 11' 2 4H 2 4H . (3.2) 

The second term 60 represents the effects of the glass windows placed around the 
mouth and acting as ears. In our experimental pipe, they exceed the flue exit 
axis by a length /0 = 9.5 mm and delimit a surface approximately equal to that 
of the pipe. The last term 6. corresponds to the inertia of the flow at the end of 
the glass windows. 

In order to express the end corrections 60 and s. in length of pipe having a 
cross section equal to that of the mouth, we use the following expression which 
converts a length of pipe 6./ having a cross section Sp into an end correction 6 of 
cross section Sm: 

Sp ko 
(3.3) 

where k0 = w/eo is the wave number, with Co the speed of sound in air. Equa
tion 3.3 can be deduced from a low frequency approximation of the resonance 
condition of the acoustic model of Figure 3. 7: 

tan ko(Lp + bp) = - :~ kobm, (3.4) 

where Dp is an end correction at the passive extremity of the pipe. l\feasuremenLs 
by means of a two microphone method show that our experimental pipe shows a 
flanged pipe behavior with bp equal to (Peters et al., 1993): 

(iii 
sp = o.s2y -;-. (3.5) 

Finally, using equation 3.3 and assuming a flanged pipe behavior at the mouth, 
we obtain for the end corrections s. and 6.: 

00 
= Sm tan kole 

(3.6) 

(3. 7) 

The values of the total end correction Dm at the mouth calculated from equa
tion 3.1, 3.2, 3.6 and 3.7 are shown in Figure 3.8 for the fundamental passive 
resonance frequency of our pipe and different ratio W/ H. They are compared 
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Figure 3.8: Measured (*)and calculated (bold line) total end correction 6m of the mouth. 

with the corresponding experimental values of the end correction of the mouth 
deduced from the measurement of the passive resonance frequencies fres of our 
experimental pipe, equation 3.3 and the following: 

6.l = (~ - Lp - 8p) . 
2Jm 

(3.8) 

The calculated values are fairly accurate and predict the dependency of the end 
correction with the mouth geometry. 

The end correction associated with the mouth of the acoustic model of Fig
ure 3. 7 was calculated from equation 3.1 for the fundamental passive resonance 
frequency of our pipe. In Table 3.1 we compare the resonance frequencies of 
our model calculated with equation 3.4 and the measured passive resonance fre
quencies of our experimental pipe for a ratio W / H "" 0.2. We also include 
in Table 3.1 resonance frequencies obtained by taking into account radiation 
and visco-thermal losses. These frequencies correspond to the minima of the 
impedance curve at the end of the tube and were calculated by using a com
plex propagation constant (Polack et al., 1987) and the real part of the radiation 
impedances. These results show that the end correction Dm should be adjusted 
with frequency in order to fit the experimental data exactly. However, in this 
paper, this effect will be neglected and the end correction Om will be considered 
to be constant. A very significant advantage of the theoretical model is that in 
analogy to Howe (1975) we have a potential flow model which not only can be 
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measured resonance 
frequencies 

(Hz) 

514 
1057 
1597 
2157 
2741 
3292 
3913 
4460 
5063 
5657 
6240 

resonance frequencies calculated 
with equation 3.4 

(Hz) 

514 
1044 
1591 
2152 
2720 
3294 
3871 
4450 
5031 
5613 
6195 

resonance frequencies 
with losses 

(Hz) 

514 
1044 
1592 
2154 
2725 
3303 
3886 
4472 

I • 

5064 
5653 
6247 

Table 3.1: Measured and calculated passive resonance frequencies of our experi
mental organ pipe 

used to calculate global acoustical properties of the mouth (like the end correc
tion at tHe mo)lth) but also yields information about the non-uniformity of the 
flow. We will show that this model can also be used when considering the initial 
jet deflection (Section 3.6.2). · 

3.5.2 Jet velocity 

The key element in the acoustic model presented in the previous section is that 
it takes into account the velocity variations of the flow at the flue exit during 
the formation of the jet. This enables one to simulate the pressure pulse seen 
on the initial pressure response p" of the resonator and the flow distribution at 
the flue exit. These features constitute important parameters to consider in a 
description of the transient. Indeed the initial pulse is the first acoustic signal to 
which the resonator responds and the flow distribution at the flue exit accounts 
for the dependence of the jet trajectory on the steepness of the driving pressure 
rise. 

The injection of fluid into the mouth is driven by the pressure difference 
between the foot and the mouth of the pipe. Since the channel length is small 
compared to the distance travelled by sound waves during typical driving pressure 
rise times, the air in the channel can be considered to be incompressible. If 
friction is neglected in the flue channel, the flow velocity at the flue exit can be 
estimated by applying the Bernoulli equation (Paterson, 1983) between. a point 
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at the entrance of the channel and a point at the flue exit. It is further assumed 
that due to the flow separation (jet formation), the pressure at the flue exit is 
equal to the acoustic pressure Pm in the mouth. Neglecting the air velocity in the 
foot of the pipe, the following relationship is obtained: 

a( cp,.. cp i) i 2 
Po at + 2,PoUi =Pi - p,.., (3.9) 

where t is time, p0 is the air density, £Pm, £Pf, Pm and Pi the velocity potential 
and the pressure in the mouth and the foot of the pipe respectively and U1 the 
jet velocity at the flue exit. In order to calculate the velocity potential difference, 
the velocity U(y) of the flow along the flue channel must be known. If flow 
incompressibility and a uniform velocity across the channel width are assumed, 
we obtain from the mass conservation law: 

( 
Uihe 

u y) = h(y)' ( 3.10) 

where y is an axis parallel to the flue channel, h(y) is the height of the flue 
channel decreasing from the foot to the flue exit and h. is its height at the flue 
exit. Using equation 3.10, the difference of potential between the entrance of the 
channel and the flue exit can now be written: 

£Pm £Pi .lm U (y) dy = Ujhe .lm h~:) = lcUj, (3.11) 

where le is the effective channel length. For the geometry of our experimental 
pipe, a numerical evaluation of the integral of equation 3.11 yields a length le of 
2.7 cm. From equation 3.9 and 3.11, the following relationship is obtained: 

dU1(t) 1 2 
Pole~+ 2,PoUi =Pi - Pm· (3.12) 

Initially, the inertial term of the left side of equation 3.12 dominates. Gradually, 
as the pressure in the foot stabilizes, the jet acquires kinetic energy density which, 
during steady-state, is just equal to the pressure difference between the foot and 
the mouth of the pipe. 

Typical velocity rises for a mechanical and a manual opening of the valve are 
shown in Figures 3.9. They were obtained numerically from equation 3.12 and the 
experimental data presented in Figures 3.10 and 3.11. In both cases, the velocity 
rises gradually; the integration effect of the inertia of the air in the flue channel 
therefore constitutes a smoothing process of the driving pressure fluctuations. In 
the rest of this paper, the jet volume flux Qi will be estimated to be equal to 
h.HUi which neglects the influence of friction 'on the walls of the flue channel. 

The order of magnitude of the error in Qi due to friction is 2;;;tf3/he where v 
is the kinematic viscosity of air and is equal to 1.5 x 10-5 m2 /s. This error is of 
about 20% after 2 ms. 
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Figure 3.9: Jet velocity a.t the flue exit for a fa.st valve opening (bold line) and a slow (dashed 
line) valve opening, 

3.5.3 Initial pipe response 

The first acoustic signal appearing on the pressure signals pp measured at the 
entrance of the pipe and shown in Figures 3.2b and 3.3b is a small positive pres
sure pulse. This initial acoustic signal is more obvious on the pressure signals of 
Figures 3.lOb, and 3.llb where a larger time scale and a higher driving pressures 
were used (see Figures 3.lOa and 3.lla). The formation of this pulse corresponds 
with the initial volume injection at the flue exit and is a consequence of the un
steady flow velocity at the flue exit. In order to estimate the amplitude of this 
initial signal, the flow distribution at the flue exit must first be determined. 

At the flue exit (x = -61,.), the mass conservation law gives: 

(3.13) 

where Qi is the flow coming out of the flue exit, Q0 .,1 the flow going towards 
the exterior of the pipe through the mouth and Q;,. the flow going inwards. The 
jet flow Q; is calculated with the Bernoulli equation. If non-linear terms are 
neglected initially, which is valid for times such that inertia dominates, equa
tion 3.12 yields: 

le dQ; 
Po S. dt ~Pi - Pm, (3.14) 

where s. = h.H is the cross section of the channel at the flue exit. Similar 
relationships are obtained by applying the Bernoulli equation between points 
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Figure 3.10: Measured and simulated pressure signal for a fast valve opening: a) measured 
pressure signal in the foot of the pipe; b) measured pressure signal at the entrance of the pipe 
(bold line) and corresponding simulated pressure signal (dashed line). 
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Figure 3.11: Measured and simulated pressure signal for a slow valve opening: a) measured 
pressure signal in the foot of the pipe; b) measured pressure signal at the entrance of the pipe 
(bold line) and corresponding simulated pressure signal (dashed line). 
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located at the exterior of the mouth, the entrance of the pipe and the flue exit: 

(3.15) 

(3.16) 

where 80 .. 1 and 8;,. are the portion of the end correction 8m on the left and right of 
the origin and pp is the pressure signal at the entrance of the resonator. The end 
corrections 80 .. 1 and 8;,. represent respectively the inertia at the mouth exit and the 
entrance of the pipe. As a first approximation it will be assumed, if we consider 
that the the flue exit is located in the middle of the mouth constriction, that 8;n 

is equal to half of the end correction 8c associated with the mouth constriction 
and that 80 ,,1 is equal to 8m minus 8;,. (8m 8;n + 80 ,,t). For times shorter than 
a round trip time of a sound wave travelling in the resonator (about 2 ms in our 
pipe) and neglecting friction in the pipe: 

(3.17) 

By using equations 3.15, 3.16 and 3.17 and the rise time r of the driving 
pressure rise to estimate the time derivatives (8Q/8t ~ Q/r), the following 
relationship is obtaihed: 

Qout ~ 8;n + CoT Sm• (3.18) 
Q;n 8out 8out Sp 

Typical rise times r in our experiments lie between 0.5 ms and 10 ms which 
implies that, for our experimental conditions, most of the flow Qi will be flowing 
out through the mouth. Hence, this very simple model qualitatively explains 
the strong deflection of the jet towards the exterior of the mouth. Furthermore, 
equation 3.18 shows that the fraction of the jet flow going outwards will increase, 
because of lower inertia, when decreasing the steepness of the driving pressure 
rise and inversely. This is in agreement with the observations we made from the 
flow visualizations and enables to relate the jet trajectory to the steepness of the 
pressure rise. Prediction of the jet deflection based on this ratio will be presented 
in Section 3.6.2. We now make the following approximations: 

(3.19) 

(3.20) 

which are used in equation 3.15 to deduce the amplitude of the initial pulse: 

po8out dQj 
PP~-s;::-Tt· (3.21) 



3.5. Pipe response to jet volume flux 77 

The pressure signal pp at the entrance of the pipe therefore depends on the time 
derivative of the jet flow Qi. Velocity profiles such as the ones of Figure 3.9 
will result in a pressure pulse whose maximum will be reached at the moment 
of maximum jet velocity variations. It is now possible, by using equations 3.14, 
3.20 and 3.21, to express the pressure signal pp at the entrance of the pipe, for a 
given geometry of the mouth, as a function of the driving pressure Pi only: 

...., Pi 
PP"'( l S)' 

l+c~ 
(3.22) 

For our experimental pipe, equation 3.22 is equivalent to: 

(3.23) 

Using the data of Figures 3.lOa and 3.lla, the amplitude of the pressure pulses 
seen in Figures 3.lOb and ~igures 3.llb and predicted by equation 3.23 are 42 Pa 
and 7 Pa respectively which is a fair approximation. The model just presented 
is only valid for times such that the movement of the jet is dominated by inertia 
and does not take into account the reflection of acoustic waves by the pipe. A 
more accurate model is presented in the following section. 

3.5.4 Pipe response including reflections 

The model presented in this section is based on the one-dimensional model shown 
in Figure 3. 7. The pressure Pm at coordinate x -t5in is determined by the value 
of the low frequency approximation of the radiation impedance Zout at the mouth 
(Rayleigh, 1894): 

(3.24) 

where w is the angular frequency, rm the radius of a circle having the same cross 
section as that of the mouth ( ?!'r;. = W H Sm) and t50 u1 the end correction 
calculated in the previous section. Written in the time domain, by using inverse 
Fourier transform, equation 3.24 becomes: 

PoCo (-! r;. <f1Qov.t t5oul dQout) 
Pm Sm 4 c& dt 2 + Co dt . (3.25) 

The pressure wave pp inside the resonator is represented by two progressive waves 
travelling along the x coordinate in opposite directions. In the frequency-domain, 
it is equal to: 

(3.26) 

where k is the complex propagation constant, a and b are complex amplitudes 
and are related by: 

b = R(w)a, (3.27) 
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where R(w) is the reflection coefficient. Using Euler's equation and equation 3.26, 
the following expression for the acoustic flow Q,, inside the resonator is obtained: 

(3.28) 

where Zc(w) is the characteristic impedance of the pipe. Using equation 3.26, 
3.27 and 3.28 we find a relationship between the acoustic pressure pp and the 
acoustic flow Q,, inside the pipe: 

(3.29) 

This expression can now be written in the time domain by using the convolution 
theorem: 

p,,(O, t) = F-1 {Zc} * ~in + F-1 {R(w)Zc} * ~in + r(t) * p,,(O, t), 
p p 

(3.30) 

where F-1 denotes the inverse Fourier transform, * the convolution integral and 
r(t) is the reflection function at the entrance of the pipe defined as the inverse 
Fourier transform of the reflection coefficient. In our calculations, we used the 
following reflection function, proposed by Polack et al. (1987), which takes into 
account visco-thermal dissipation in the resonator but neglects radiation losses 
at the end of the resonator: 

(3.31) 

with L Lp + bp, 7 = 2L/<-O, rp = H/v11f and: 

(3.32) 

where l,, and It are the viscous and thermal characteristic lengths (in air at 20° 
C, I,, 4.0 x 10-s m and /1 = 5.6 x 10-s m) and / is the Poisson constant, ratio 
of specific heats at constant pressure and volume respectively (I = 1.4).'.· On~ has 
to be careful with the use of this reflection function for calculation of the flow in 
the pipe since this function will allow an arbitrary DC component of Q;,.. This 
behavior does not enable to determine correctly the flow repartition at the flue 
exit. In a more elaborate model that includes the oscillations of the jet, it would 
also cause problems in determining the jet displacement. This issue is discussed 
extensively in the study of Valeriu (1992). 
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For the sake of simplicity, we assumed in our calculations that friction has 
a negligible effect on the value of the characteristic impedance Zc and therefore 
that it is equal to p0 c:o. We do not have however, at the present time, a clear 
idea of the implications of this approximation on the solution of the problem. 
Equation 3.30 then simplifies to: 

pp(O, t) = p~~ Q;n + r(t) * ( p~~ Q;n + pp(O, t)) , (3.33) 

which is similar to the expression proposed by Mcintyre et al. (1983). 
To complete the model the pressure at the origin is related to the pressure 

at the entrance of the pipe by taking into account the effects of inertia at the 
entrance of the resonator: 

_ (O ) _ po;n 8Qp(O, t) 
Pm PP ' t - Sm 8t • (3.34) 

The flow Q; is computed from Bernoulli's equation (equation 3.12) and the 
value of the pressure Pm in the mouth and PJ in the foot of the pipe at the 
previous time step. The other parameters are found by solving simultaneously 
equations 3.13, 3.25, 3.33, and 3.34. 

Simulations of the pressure signals at the entrance of the pipe obtained with 
this model are compared to the experimental data in Figures 3.lOb and 3.llb 
. In both cases, the amplitude of the initial pulse is close to that of the calcu
lated pressure signal. Furthermore, the peak pressure is reached at the moment 
of maximum jet velocity variation as we should expect (see Figures 3.9). The 
pressure then gradually drops towards zero as the jet velocity stabilizes: The 
reflected signal from the pipe is very clearly seen on the simulated pressure signal 
corresponding to the fast opening. In the case of the slow opening of the valve it 
is not apparent since the jet velocity variations still generate significant acoustic 
waves, which dominate the pressure signal, when the initial pulse comes back 
after a round trip in the resonator. 

The simulated signals are in good agreement with the experimental data dur
ing the first milliseconds of sound. Afterwards, in both cases, the pressure drops 
much more rapidly in the experimental data. Flow visualizations equivalent to 
the ones presented in Figures 3.4 and 3.5 and corresponding to the pressure sig
nals of Figures 3.10 and 3.11 show that this moment coincides exactly with the 
initial jet-labium interaction. At this instant a vortex is shed at the labium which 
induces, as can be deduced from the direction of rotation of the vortex, a negative 
pressure pulse. This is followed by subsequent bursts at regular time intervals 
each time that the jet hits the labium. Consistently with the observations we 
made from the flow visualizations, the jet-labium interaction is delayed in the 
case of the manual opening of the valve. Our model, which ignores the forma
tion of vortices at the labium is only accurate before the jet touches the labium. 
The simulations that we present however yield a quantitative information on the 
importance of vortex shedding during the initial jet-labium interaction. 
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3.5.5 Jet velocity fluctuations during steady-state opera
tion 

In models that describe the behavior of flue organ pipes, the jet velocity is usually 
considered to be constant during steady-state operation. The jet velocity fluctu
ations are however important and they provide acoustic work. The jet velocity is 
determined by the difference between the pressure Pm in the mouth of the pipe 
exit and the pressure Pi in the foot. During steady-state operation, the ampli
tude of the pressure measured under the labium is approximately equal to the 
mean pressure in the foot (see Figures 3.2a, 3.2b, 3.3a and 3.3b ). The amplitude 
of the pressure signal Pm at the flue exit is estimated to be equal to 2/3 of that of 
the driving pressure Pi· This assumption is based on Coltman's (1976) acoustic 
pressure measurements in the mouth of a flue organ pipe similar to our pipe and 
will be used throughout this paper. These pressure variations can therefore be 
expected to induce significant fluctuations of the jet velocity. 

An equation describing the jet velocity fluctuations can be found by using 
the Bernoulli equation. If the different variables are represented as the sum of 
a mean value (x) and a time dependent term xt, equation 3.12 becomes after 
linearization: 

(3.35) 

By separating the steady term and the first order terms of the fluctuations in 
equation 3.35, the following relationships are obtained: 

(3.36) 

(3.37) 

If it is supposed that the foot of the pipe is supplied by a constant flow source 
SePo(Uj), the mass conservation law applied between the entrance of the foot and 
the flue exit gives, after linearization: 

(3.38) 

where Vi is the volume of the foot and Pm' and Pi' the density fluctuations in 
the mouth and the foot of the pipe. Please note that the constant flow source 
has been chosen as the most simple model allowing foot pressure fluctuations Pi'· 
The main results of the analysis will be quiet independent of this assumption. 
Eliminating the densities in equation 3.38 with the constitutive equation pl = c~pf 
and combining this new equation with the time derivative of equation 3.37, the 
following relationship is obtained: 

d2U/ dU/ 2U 1 dpm1 w~(Ui) 
dj2 + ldt + Wo l = - pole dt - Po~ Pml, (3.39) 
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where: 

w~ = ~S. and / = {Uj) . 
Vile le 

The foot therefore acts like a damped Helmholtz resonator with natural angular 
frequency w0 and a quality factor inversely proportional to the mean jet velocity. 
It is interesting to note that this sin;iple model explains qualitatively the mouth 
response observed by Coltman (1973). 

The damping factor, which is induced by the mean flow, is somehow unex
pected since no loss mechanism was assumed explicitly. The damping was in fact 
introduced when the pressure at the flue exit was assumed to be the same as the 
pressure Pm at the mouth. Indeed, this is due to the formation of a jet corre
sponding to a Kutta condition (Paterson, 1983) at the edges of the flue exit. This 
condition states that the velocity at an edge should remain finite which implies 
tangential flow separation and the shedding of vorticity in the main flow at the 
boundary between the moving fluid and stagnant fluid outside the jet. In fact the 
kutta condition is a trick which allows to include within the fra~ework of a fric
tionless theory a consequence of the local action of friction at a sharp edge: flow 
separation which is responsible for the formation of the free jet. The jet velocity 
fluctuations result into a modulation of the vorticity shed at the edges which 
implies the loss of kinetic energy for the acoustic field as shown by Cummings 
and Eversman (1983). 

The amplitude of the jet velocity fluctuations can be calculated from equa
tion 3.36 and 3.37. Assuming harmonic motion, xi= xeiwt where xis a complex 
amplitude, the following relationship is obtained: 

Vj (PJ - Pm) (1 iSr) 
(Ui)>=::: 2{p1)(1+Sr2 ) 

(3.40) 

with: 
wlc 

Sr= {Vi)' (3.41) 

where Sr is the Strouhal number. For typical experimental conditions ( {PJ) = 180 
Pa), the Strouhal number for our organ pipe is of the order of 5. This yields, 
assuming that the pressure fluctuations PJI in the foot can be neglected which 
implies that the playing frequency is far from the natural angular frequency w0 

of the foot of the pipe, that the component of the jet velocity fluctuations in 
opposition of phase with the acoustic movement at the mouth represents about 
20% of the amplitude of the total fluctuations. The flue channel length is seen 
to have a considerable influence on the amplitude of the jet velocity fluctuations 
since the Strouhal number is proportional to this parameter. When the channel 
length is decreased, the component of the jet velocity fluctuations out of phase 
with the acoustic movement increases because of a smaller inertia in the chan
nel. The volume of the foot is another parameter that can be used to control 
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the velocity fluctuations since it determines its natural frequency and hence the 
amplitude of the pressure variations in the foot of the pipe. 

The average power (Pu;i) dissipated by the jet velocity fluctuations can be cal
culated from equation 3.40, experimental measurements of the pressure difference 
between the foot and the mouth of the pipe and the following expression: 

(Pu,,)T = ~e Re (p;,.v;). (3.42) 

A simple explicit formulation of the average power (Pui1) is found if the pres
sure variations in the foot can be neglected compared to the pressure variations 
at the mouth and if the first mode is assumed to dominate. Furthermore, for 
our experimental pipe, the amplitude of the acoustic signal at the flue exit is 
estimated to he of the order of 2/3 of the mean driving pressure (PJ)· Using 
these approximation and equations 3.36, 3.40 and 3.42, the following expression 
is found: 

(3.43) 

The power dissipated by the jet velocity fluctuations increases non-linearly with 
the driving pressure (PJ) and decreases non~linearly with the frequency. Calcula
tions made from equation 3.43 for our experimental pipe and for a mean driving 
pressure (PJ) of 180 Pa give losses of the order of 3 x 10-4 W. 

The importance of the losses associated with the fluctuating jet velocity can 
be appreciated by comparing them to the loss mechanisms usually considered, 
that is to say the radiative and visco-thermal losses. The power radiated by the 
fundamental calculated by Fabre (1992) for the same experimental conditions as 
previously, is equal to 8 x 10-5 W. For the fundamental the visco-thermal losses 
are approximately three times as important as the radiative losses (Fabre, 1992) 
which gives losses of approximately 2.5 x 10-4 W. These calculations show that 
the losses associated with the jet velocity fluctuations can be expected to be of the 
same order of magnitude as the radiative and visco-thermal losses. They therefore 
represent a non-negligible damping mechanism for the acoustic oscillations in the 
resonator. More accurate calculations based on the experimentally measured foot 
and pipe pressures do not radically change the conclusions obtained with the 
simple model proposed as long as the foot pressure fluctuations PJ' are smaller 
than the pressure fluctuation Pm' at the mouth. 

3.6 Jet formation time and initial deflection 

3.6.1 Jet formation time 

For a time-domain simulation of the transient of flue organ pipes that would take 
into account the effects of vortex shedding at the labium, it is important to be 
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Figure 3.12: Experimental measurements of the horizontal position of the jet front with (x) 
and without ( *) labium for a mechanical opening of the valve. 

able to determine the moment at which the forming jet reaches the labium: This 
can be done by different methods. Experimentally, it appears that the labium 
has no influence on the frbnt position before it reaches the labium. Measurements 
of the front horizontal position Xf with and without the labium are presented in 
Figure 3.12 and ~he two data series clearly overlap. Its presence will therefore be 
neglected for the estimation of the horizontal position. 

An upper limit is calculated by assuming flow separation at the flue exit and 
a uniform jet width. The front position (xJ)mar is then given by a simple time 
integration of the jet velocity at the flue exit: 

(3.44) 

where the velocity Uj is calculated for given pressure signals PJ and Pm by using 
the Bernoulli equation (see Section 3.5.2). A lower limit is found by assuming 
that the flue exit acts as a point source of a potential flow Qi(t) flowing in a semi
infinite space. The jet front position ( x f )min is then given (in a two-dimensional 
representation) by the following relationship: 

d(xJ)inin _ Ujhe 
dt - 'Ir (x1)min. 

(3.45) 
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which is equivalent to: 

(3.46) 

The front position (x1)maz or (x1)min can therefore be calculated if the jet 
velocity is known. An approximation of the velocity U.i is found for small times, 
such that the effects of inertia dominate, by keeping only the first term in the 
right-hand side of equation 3.12: 

Ui = f' (Pf Pm) dT. 
Jo pole 

(3.47) 

Assuming a constant foot pressure PJ and neglecting the pressure Pm in the 
mouth, we obtain: 

(3.48) 

and 

(3.49) 

A better estimation of the front position is obtained by using a more elabo
rate two-dimensional model, called the second-order panel method (Hoeijmakers, 
1989) which takes into account the formation of vortices at both edges of the flue 
exit. The boundaries of the jet are represented by lines along which the vorticity 
is concentrated. The velocity induced by the vorticity distribution is calculated 
by using the Biot Savart induction law. The front displacement can then be 
determined by integration of the velocity. 

The vortex front position calculated with those three methods as well as 

experimental measurements are presented in Figure 3.13 for a mechanical opening 
of the valve. The initial displacement of the front is well predicted by the three 
methods. As the front progresses, only the panel method remains accurate, and 
its position lies between the one predicted by the two simple models described 
above. 

3.6.2 Initial jet deflection 

As was seen from the flow visualizations presented in Section 3.4, the ~orming jet 
initially bends towards the exterior of the pipe. Thi~ deflection is str6nger for a 
slow pressure rise in the foot than for a steep one. A~ was discussed previously, 
this jet behavior seems to play an important role in the triggering of the transient 
since it determines if the jet will hit or miss the labium. In order to determine 
if there will initially be a contact between the jet and the labium, the vertical 
position o.f the jet when it passes the labium must therefore be calculated. 
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Figure 3.13: Horizontal displacement of the jet predicted by different models for a mechanical 
opening of the valve and comparison with experimental measurements (upper limit model: bold 
line; small time approximation: +; panel method: o; experimental data: x and * ). 

The jet deflection can be viewed as being a consequence of the asymmetric 
flow distribution between the exterior and the interior of the pipe. In Section 3.5.3 
this flow distribution was explained in terms of the difference between the low 
inertia of the air just outside the mouth and the compressibility of the air at the 
entrance of the pipe. This asymmetry between the flows Q;n and Qov.t forces the 
jet to move towards the exterior of the pipe. The vertical distance travelled by 
the jet, when it reaches the labium, is therefore determined by the geometry of 
the mouth and the acceleration of the jet. 

It is possible, using the potential flow theory, to simulate this jet deflection 
if we consider the mouth as a diaphragm opening between a vertical wall and 
an half infinite horizontal plane representing the labium. The model proposed 
here is very crude but nevertheless enables to reproduce qualitatively the initial 
behavior of the jet. By using the Schwarz-Christoffel conformal mapping and the 
method of images, the following mapping of the idealized geometry of Figure 3.14 
in the z plane into the upper half of the w plane is found: 

(3.50) 

(3.51) 
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Figure 3.14: idealized geometry of mouth of an organ pipe used for conformal mapping: a) 
actual geometry; b) simplified geometry; c) z-plane configuration for calculations. 

where W is the distance between the origin and the labium. The jet flow at the 
flue exit is represented by a point source Qi located at coordinate (0, y0 ) and the 
portion of the jet flow going into the pipe by a sink Qin located at infinity. This 
source and sink determine a velocity field from which the trajectory of a particle 
released at the flue exit can be calculated. 

An estimation of the jet deflection associated with the driving pressure his
tories shown in Section 3.3 can be calculated by using the results of the acoustic 
simulations analogous to the one presented in Section 3.5.4. At every time step, 
the value of the point source and sink are replaced by the calculated value of the 
jet flow Qi and the portion Q;,. that goes into the pipe hence introducing the 
time dependency of the source and sink. At regular time intervals, new particles 
are released at the flue exit. The jet deflection of the jet is found by plotting the 
position (d,,,dy) of every released particles at the moment when the horizontal 
distance travelled by the first one is equal to the distance between the flue exit 
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Figure 3.15: Jet deflection predicted by potential flow theory for the fast (dashdot) and slow 
(solid line) opening of the valve and comparison with an upper limit (dashed line) calculated 
by assuming Q1n :;:: 0 in the case of the slow valve opening. 

and the labium. 
Results obtained by using this method are shown in Figure 3.15. in this 

example, the returning flow from the pipe was neglected in the computation of 
the flow Qin· Indeed, as was pointed out in Section 3.5.4, the reflection function 
we use allows a DC component in the flow to propagate in the pipe which does 
not enable to evaluate correctly the flow repartition at the flue exit. As expected, 
the vertical distance travelled by the jet, when it reaches the labium, is greater 
in the case of the slow driving pressure rise than with the steep one. However, in 
both cases, this distance is too high in comparison with the flow visualizations, 
especially in the case of steep pressure rise. The height difference between the 
two curves at abscissa 4 mm is of about 0.4 mm. This value represents about half 
of the value observed in the flow visualizations presented in Section 3.4 where the 
deflection difference between the two series of pictures is of the order of 1 mm. 
The fact that the predicted jet deflection y is too large is not unexpected, because 
the model corresponds to the calculation of the horizontal position Xmin· Hence 
the arrival time of the jet at the labium is an upper bound. The major concern 
is that the difference between the behaviors for fast and slow pressure rises is too 
small. In order to increase the deflection difference, we had to assume that the 
jet flow is directed entirely towards the exterior of the pipe through the mouth 
( Q;n = 0). The upper limit in Figure 3.15 was calculated with this assumption in 
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the case of a slow valve opening. More elaborated simulations, taking into account 
complex aspects of the flow such as vortex formation and friction at the walls and 
using the same values of the flow distribution at the flue exit as in the example 
of Figure 3.15, predicted jet deflections close the the experimental measurements 
but still a too small height difference between the steep and smooth pressure 
rise. This constitutes a limitation of the simple acoustic model of Figure 3.7. 
Indeed, even though it is able to predict the amplitude of the pressure pulse due 
to the initial volume injection, it only enables to describe qualitatively the initial 
movement of the jet. 

3. 7 Conclusions 

In this paper we have related different events of the jet formation to the pressure 
signal measured at the entrance of the pipe during the first phase of the initial 
transient. Using a simple acoustic model, it was shown that the volume injection 
into the mouth of the pipe which accompanies the formation of the jet provides 
the initial acoustic wave at the entrance of the resonator. The flow visualizations 
presented in this paper show that the forming jet bends towards the exterior of 
the pipe. This behavior is related to an asymmetric flow distribution between 
the exterior and interior of the pipe caused by the difference between the low 
inertia of the air at the mouth and the compressibility of the air at the entrance 
of the resonator. The vertical height reached by the jet when it passes at the 
level of the labium was related to the steepness of the pressure rise. This is an 
important parameter to consider since it determines if the jet hits the labium. 
Indeed, when it does, a vortex is shed at the labium which drastically affects the 
shape of pressure signal during the attack transient. It is difficult, once the jet 
has touched the labium, to relate precisely the events of the flow visualization to 
the pressure signal. Indeed, the returning signal from the pipe has to be taken 
into account and the newly formed jet is unstable. 

These features of the initial jet behavior could explain why organ builders use 
ears around the mouth of the pipe. The ears, by increasing the inertia around 
the mouth, have two effects. First, they increa;,e the amplitude of the initial 
pressure pulse and second they force the jet to follow a straighter trajectory and 
to hit the labium. They therefore contribute to produce a sharper transient with 
richer harmonic content. Hence by using ears , the organ builder can obtain a 
sharp attack transient with a relatively low labium position. This position of the 
labium is crucial for the amount of even harmonics generated in the steady-state 
sound spectra (Fletcher and Rossing, 1991; Fabre, 1992). 

During steady-state operation, the pressure variations at the flue exit were 
found to induce non-negligible jet velocity fluctuations. This phenomena results 
into a damping mechanism that increases non-linearly with the driving pressure. 

· As the phase difference between the jet velocity fluctuations and the acoustic 
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pressure at the mouth is determined by the inertia of the air mass in the flue 
channel, the length of this channel determines the importance of these losses. 
This could be a reason why recorders generally have long flue channels. 
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Chapter 4 

Jet oscillations and jet drive 
recorder-like instruments 

Abstract 

• 
Ill 

A simple potential flow model of the jet oscillations in recorder-like 
musical instruments is proposed. The jet oscillations are assumed to be 
induced by vorticity variations at the flue exit. The resulting jet oscillations 
are determined by matching this vorticity distribution to a spatial insta
bility mode of an infinite jet having a top-hat jet velocity profile. Vorticity 
variations at the flue exit due to the acoustic field of the resonator and to a 
hydrodynamic feedback resulting from the jet labium interaction (allowing 
an edgetone behavior of the system) are considered. The jet model dis
plays an unrealistic growth of the perturbations with increasing Strouhal 
numbers and is therefore only useful at low Strouhal numbers. Modifica
tions to the empirical jet oscillation model proposed by Fletcher (1976b), 
yielding a more appropriate high frequency behavior, are therefore consid
ered. Both models are compared with measurements, flow visualizations 
performed on an experimental organ pipe, and data by Coltman (1992). 
A simple jet drive model, inspired by works of Powell (1961) and Coltman 
(1976), is proposed, representing the jet labium interaction by a pressure 
source in the mouth of a one-dimensional representation of the instrument. 
Calculations of the strength of this source are given in the approximation 
of a potential flow induced by two complementary sources placed on either 
side of the labium. A linear analysis of the feedback loop representing the 
instrument, and including this jet drive model and the modified Fletcher's 
jet oscillations is performed and appears to be useful for the analysis of 
measurements of smooth initial transients made on the experimental organ 
pipe and a recorder. This type of analysis can also be used for the testing 
of numerical codes of time-domain simulation models. 

This chapter was originally published as a journal article (Verge, M.P., Causse, R., Fabre, 
B., Hirschberg, A., Wijnands, A.P.J., van Steenbergen, A. (1994), Acta Acustica, 2:403-419). 

91 
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4.1 Introduction 

The self-sustained oscillations of a flue musical instrument'such as the organ or 
a recorder are extremely complex. The possibility of using a simplified physical 
model as a basis for a numerical sound synthesizer has triggered considerable 
research effort. The early model proposed by Cremer and Ising (1968) is the 
starting point for most of the literature on this subject. This quasi-stationary 
model of the jet drive has been extended by, amongst others, Coltman ( 1976), El
der (1973), Fletcher (1976), von Schlosser (1979), Schumacher (1978), Yoshikawa 
(1980), Nolle (1983) and Mcintyre et al. (1983). Considering another approach, 
Howe (1975 and 1981) introduced simple dynamic models of the flow around 
the labium which could replace the quasi-stationary models of the jet drive in 
which details of the flow are ignored. In parallel to these works, Powell (1953 
and 1961), Holger (1977), Kaykayoglu and Rockwell (1986a and 1986b), Staubli 
and Rockwell (1987), Ohring (1986) and Crighton (1992) have studied the related 
edge-tone phenomenon. 

The works of Howe (1975) stressed the crucial importance of vortex shedding 
at the labium due to the singular behavior of the pulse response of the pipe near 
an edge (Green's function). The works of Fabre (1992), Hirschberg et al. (1990) 
and Verge et al. (1994c) confirmed that vortex shedding at the labium is indeed 
very important both during steady oscillations and in the first phase of the attack 
transient. During steady oscillations, vortex shedding appears to be a damping 
mechanism rather than a source of acoustic energy for the fundamental, a fact 

·which is in contradiction to the original model of Howe (1975). In steadfofowing 
conditions, the application of the jet drive model of Fletcher (1976), which does 
not take into account the vortex shedding at the labium, results in an overestimate 
of the amplitude of the acoustic pressure oscillation in the pipe by an order of 
magnitude (Fabre, 1992). This makes the validity of the classical jet drive model 
questionable. The more formal models of Howe (1981) and Crighton (1992) are 
·however limited to linear oscillations and do not provide quantitative information. 
We therefore consider the use of a modified jet drive model in combination with a 
vortex shedding model at the labium. In the present paper, we discuss the various 
elements of the jet drive model and propose some alternatives to the currently 
used models. In a companion paper, we present the vortex shedding model. 

Our discussion is based on the assumption that recorder-like musical instru
ments can be described as auto-oscillators represented by the feedback loop of 
Figure 2.2. The jet is obtained by blowing through a flue channel and .is formed 
by flow separation at the flue exit. It is directed towards a sharp edge called 
the labium. It is a highly unstable structure and acts as a linear amplifier non
linearly coupled to the resonator which is represented as a linear acoustic filter. 
In the first section of this paper, we examine the flow distribution in the mouth 
in a two-dimensional representation of the instrument. We then propose a simple 
potential flow model of the jet movement which is in fact a modification of the 
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theory of Cremer and Ising (1968). Unfortunately this model disptays an unre
alistic growing instability with increasing frequency. As our theory suffers from 
some severe drawbacks, we consider the use of a semi-empirical formula prdposed 
by Fletcher (1976b) based on early works by Powell (1953). This model is not 
based on any realistic physical modeling of the perturbation of the jet at the 
flue exit. However, with slight modifications the model yields better results than 
our theory. The behavior of these models is compared both to data by Colt
man (1992) on the phase of the jet displacement as a function of the distance 
from the flue exit, as well as with our own experimental data obtained with flow 
visualization on a small experimental organ pipe (Fabre, 1992). In the second 
part of this paper we describe a jet drive model inspired by the works of Powell 
(1961) and Coltman (1976). The jet labium interaction is represented by two 
complementary flow sources placed on either side of the labium and we represent 
the resulting potential difference across the mouth by a pressure source in a one
dimensional representation of the instrument. Since oscillations are dominated 
during steady-state by the effects of vortex shedding at the labium, we use, in the 
last part of this paper, smooth attack transients measured on recorders, as ex
perimental test cases for our combined jet drive and jet oscillation models. In the 
initial phase of such transients, the effects of vortex shedding are negligible and 
a linear analysis of the model can be performed. This idea of considering a linear 
theory to analyze initial transients has been inspired by the work of St-Hilaire 
et al. (1971) on the harmonium reed oscillations. The linear analysis is not only 
useful for comparison of simulations with experiments but can also be used for 
testing the stability of numerical codes of non-linear models. Since there is much 
confusion in the literature on jet oscillations and jet drive in flue instruments, we 
will develop at length the different elements of our model, hoping to make clear 
the approximations that we have made and to bring to the fore the fact that 
there does not exist, at the present time, any exact solution to this problem. 

4.2 Jet oscillations 

Jet oscillations in flue instruments are generally represented by the motion of a 
semi-infinite jet obtained by matching the. unstable oscillation modes of an in
finitely extended jet to boundary conditions at the flue exit. We present a jet 
oscillation model in which the vorticity distribution at the flue exit is matched to 
the vorticity distribution in the shear layers bounding an infinite jet. We exam
ine the effects of vorticity variations induced by the acoustic field of a resonator 
and by the hydrodynamic feedback resulting from the jet labium interaction. 
We assume the vorticity to be produced locally at the jet formation points and 
therefore first estimate, in a two-dimensional potential flow approximation, the 
velocity distribution at the flue exit. Our frictionless model can only be applied 
to a jet having infinitely thin shear layers, the so-called top-hat jet velocity pro-



94 Chapter 4: Jet oscillations a.nd jet drive in recorder-like instruments 

file. This jet velocity profile is not very realistic since for the flue geometries 
considered, we rather expect, a Poiseuille velocity profile (van Zon, 1990) at the 
flue exit. However, this velocity profile is convenient since i.t yields analytical so· 
lutions. We will limit our discussion to laminar jets. For tu'rbulent jets, Bechert 
(1976) has proposed a theory which seems very promising and is systematically 
compared to accurate measurements. 

4.2.1 Transverse velocity in the mouth 

The transverse velocity v:,. in the mouth of a recorder-like instrument is usually 
assumed to be uniform and equal to the mean transverse velocity ii~ in the mouth 
of the instrument due to the acoustic field in the resonator (Fletcher, 1976; Elder, 
1973): 

-I Q~ v =-
" Sm 

( 4.1) 

where Q~ is the acoustic volume flow at the entrance of the pipe and Sm is the 
cross section of the mouth. In our notation, a bar and a prime denote a mean 
and a fluctuating component respectively. Because of the particular geometry 
of the mouth, the flow is actually non-uniform. In this section we present a 
model that enables us to evaluate the velocity distribution v:,. in the mouth of 
the instrument. In particular, we wish to determine the transverse velocity at the 
flue exit since flow fluctuations at the jet formation points result in a modulation 
of the vorticity in the shear layers bounding the jet and thereby control the jet 
movement. These perturbations are induced by three distinct effects: 

• acoustic flow v~ through the mouth of the instrument driven by acoustic 
oscillations in the pipe. 

• hydrodynamic flow v~ induced by the jet-labium interaction. 

• jet volume flux modulations. 

The effects of modulations of the jet volume flux have been discussed by Verge 
et al. (1994c) and are ignored in this paper. We therefore assume a constant jet 
volume flux Q;. The transverse acoustic velocity v:,. in the mouth is therefore 
considered to be made up of two distinct flows: 

(4.2) 

We will determine the effect of these two contributions on the resulting trans
verse velocity at the flue exit in the potential flow approximation. This could be 
obtained from the exact geometry of the instrument shown in Figure 4.la. How
ever, for the sake of simplicity, we prefer to use the simplified two-dimensional 
mouth geometry shown in Figure 4.lb which allows analytical solutions of the 
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problem by the use of conformal mapping techniques. In this representation, we 
ignore the presence of the flue exit and the labium is represented by a half infinite 
horizontal plane placed at a distance W of an infinite vertical plane represent
ing the wall from which the jet emerges. This latter wall can be replaced such 
as shown in Figure 4.lc, with the method of images, by a mirror image of the 
mouth geometry. Note that, because the presence of the lower wall of the pipe 
is ignored, this approximation of the real geometry implicitly implies that the 
distance W between the flue exit and the labium is small compared to the height 
H of the pipe and that W is large com pa.red to the flue exit height h (typically for 
recorders H/W = 5 and W/h = 4). In our experimental organ pipe, the mouth 
was delimited by two windows forming ears having a height approximately equal 
to the distance between the flue exit and the labium. This imposes a rather 
two-dimensional character to the flow. In the case of a recorder, the assumption 
of a two-dimensional flow through the mouth is less obvious but seems to be a 
fair first approximation in view of typical mouth geometries. 

Acoustic flow in the mouth 

Since the dimensions of the mouth of the instrument are small in comparison 
with the acoustic wavelengths considered, we assume the flow to be locally in
compressible in this region. Neglecting friction and assuming a two~dimensional 
flow, we can use a complex potential il>'(z = x + iy) to represent the flow: 

<I>' ¢/ + i1f;', . ( 4.3) 

where <I>' is the scalar potential of the flow and 1/;' its stream function, such that, 
from the definitions of </>' and 1/;': 

(4.4) 

where iJ (v~, v~) is the velocity distribution in the mouth of the instrument. 
We use the following Schwartz-Christoffel mapping: z = W/2(e + 1/e), in 

order to map the geometry of Figure 4.lc in the z -plane onto the upper half 
of the auxiliary e plane (Figure 4.ld), where the potential is easy to determine. 
This equation maps the labium position (±W) in the z -plane at points e ±1 
of thee -plane and a point at infinity in the lower half of the z -plane at the origin 
of the e -plane. In the e -plane, the boundary of the fluid is a plane rigid wall, 
the boundary conditions of the frictionless flow can therefore easily be satisfied 
by using again the method of images. 

The velocity distribution v~ in the mouth due to the acoustic flow in the 
resonator is evaluated by placing a source of strength 2Q~ at infinity in the lower 
half of the z -plane (origin of thee -plane) representing plane waves at the mouth 
region boundary. The. potential in the upper half of the e -plane is then given 
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Figure 4.1: Mouth geometry: a) real geometry of the mouth and the entrance of the resonator; 
b) idealized geometry; c) equivalent idealized geometry obtained by the method of images; d) 
auxiliary e -plane used for the conformal mapping. 
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Figure 4.2: Streamlines in the mouth of the instrument, in the potential flow approximation, 
due to the acoustic field in the resonator. 

by: <P'(~) (2Q~/11')ln(e). The resulting streamlines (corresponding to 'If/= 
constant) in the mouth of the instrument are presented in Figure 4.2. We .notice 
that indeed the flow is not uniform in the mouth, with high velocities near the 
labium. This is a result of the edge singularity of the potential flow and confirms 
the importance of this point. The amplitude of the transverse velocity v~(O) at 
the flue exit (z = 0) can be calculated from equations 4.4. We obtain: 

2Q' 
v~(O) = v~(O) = 11'W (4.5) 

We conclude, by comparison with equation 4.1, that there is a discrepancy of 50 
% between the velocity v~(O) at the flue exit and the average velocity v~ in the 
mouth which is usually used in the literature. 

Hydrodynamic flow 

The vorticity distribution in the entire jet flow induces velocity variations at 
the flue exit which can be determined by using the Biot-Savart induction law. 
This mechanism constitutes an instantaneous feedback from the flow to the flue 
exit and is responsible for the edge-tone oscillations which dominate the sound 
production in the absence of the acoustical pipe. Powell (1961) and Coltman 
(1976) proposed a simplified model of this complex feedback mechanism in which 
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Figure 4.3: Complementary volume sources position at the labium: a) in the z -plane; b) in 
thee -plane. 

the effects of the interaction of the oscillating jet with the labium are represented 
by two complementary volume sources near the edge of the labium. In this 
section, we evaluate the transverse velocity distribution v~ in the mouth induced 
by these sources in the potential flow approximation. In Section 4.3, we will 
describe how this model can also be viewed as a jet-drive mechanism for pipetone 
oscillations. 

The labium divides the jet flow into a portion entering the pipe and another 
one leaving the mouth. We therefore represent the jet flow Qj at the labium of 
the instrument by two point sources located on either side of the labium. The 
corresponding volume fluxes Q1 and Q2 at these points should be complementary, 
since no mass is created at the labium and the flow can locally be considered as 
b,eing incompressible (Powell, 1961; Elder, 1973; l;oltman, 1976): 

(4.6) 

Hence the fluctuating components Q; and Q; are equal in magnitude and are 
in opposition of phase. The position of the injection points is an empirical pa· 
rameter. For the sake of simplicity, we will ignore the possible effects of the jet 
velocity on the distance t between the edge of the labium and the source positions 
and consider this parameter as being constant. Note however that, in the edge 
tone configuration, it seems more appropriate to assume that the distance t is 
proportional to the jet velocity Uj (Powell, 1961 ). 

Using again the simplified model of Figure 4.1, we calculate the complex 
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Figure 4.4: Streamlines in the mouth of the instrument, in the potential flow approximation, 
due to the hydrodynamic feedback (€ = h). 

potential in the mouth due to two point volume sources placed on each side of 
the labium. Replacing the mouth by a diaphragm in a thin wall as sho.wn in 
Figure 4.lc, we consider the two point sources and their images located at a 
distance ±t: from the edge of the labium as shown in Figure 4.3a. Note that 
this simplification is only reasonable if the injection points are close to the edge 
of the labium ( t: « H and W « H). The resulting potential in the e -plane 
{Figure 4.3b) is given by 

4>(e) = ~ (1n (e2
- (I:/3)2)-1n(e2-(I+/3)2)J, (4.7) 

with 

(4.8) 

The corresponding streamlines can be obtained from equations 4. 7 and 4.8 and 
are shown in Figure 4.4. 

The velocity vHO) at the flue exit (z = o,e i), induced by the complemen· 
tary sources, is determined with equations 4.4 and 4.8. With the sign convention 
of Figure 4.3, we obtain: 

vHO)W = (~) 1t
2 

- 1 :::: ~ {2;, 
Qi 1r K2 + 1 1r v w (4.9) 
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Figure, 4.5: Amplitude of the flow due to the hydrodynamic feedback as a function of the 
sources distance l from the edge of the labium. 

where ,. = 1 + (3. The ratio of the flow v;.(o)W and the flow Q~ is shown in 
Figure 4.5 as a function of the parameter t:/W. 

'{Ve can evaluate the importance of this hydrodynamic feedback by calculating 
its maximum expected amplitude when saturation of the jet oscillations occurs. 
We intuitively expect the distance c to be of the order of the jet width h, which 
corresponds to a ratio t:/W equal to 1/4 for typical reco1der-like geometries. The 
flow ratio obtained from equation 4.9 is then equal to 0.38. Note that Coltman 
(1976) used a ratio t:/W of approximately 1/2 in a different geometry. When 
saturation of the jet oscillations occurs, the amplitude of the jet displacement at 
the labium is maximum and the amplitude of the flow Q~ is then approximately 
equal to Qi/2. Assuming the jet to have a Poiseuille velocity profile at the flue 
exit and a Bickley profile in the mouth (see Section 4.2.5), we expect the jet flow 
in the mouth to be given by Qi ~ (4/5)Uoh. The corresponding amplitude of 
the transverse velocity at the flue exit due to the hydrodynamic feedback is then 
equal to: 

lv~(O)lmax ~ 0.038Ui. (4.10) 

As during steady acoustic oscillation the modulus of the ratio v~(O)/Ui is typically 
equal to 0.2, it is clear that feedback due to the acoustic oscillations in the pipe 
will dominate. However, in conditions where the pipe response is faint, the edge 
tone may become dominant. As observed by Coltman (1976), the ope1ating 
frequency is then proportional to the jet velocity, which is typical of an edge tone 
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behavior. 

4.2.2 Flow at the flue exit 

The edges 'of the flue exit are very important points since these are where flow 
separation occurs. Locally, the flow is due to two contributions: the jet flow Qi 
and the transverse acoustic signal v:,.(O)W discussed in the previous section. Tl\e 
fluctuations of these fluxes, at the edges of the flue exit, modulate the vorticity 
in the shear layers of the jet and consequently control the jet oscillations. The 
key problem of determining a relationship between the imposed acoustic field at 
separation points and the resulting amplitude of the oscillation mode of the jet 
is called the receptivity problem. 

In the case of varicose oscillations of the jet, the perturbations of the vorticity 
in the upper and lower shear layers delimiting the jet, induced by fluctuations 
of the jet flux Qj, are opposite in sign. They form a vorticity dipole with an 
influence decaying in l/r2 as it is convected away from the flue exit where r 

is the distance from the flue exit. At low Strouhal numbers St = wh/Ui ~ 
1 the vorticity perturbation can therefore be determined by assuming a quasi
stationary perturbation of the jet at the flue exit. Near the flue exit, the vorticity 
is determined by the instantaneous value of the jet velocity Ui and the shear layers 
position is not disturbed by the flow downstream. The varicose oscillations of the 
jet can therefore be predicted by matching, at some distance O(h), the vorticity 
distribution of the jet with that of a varicose mode of an infinite jet. In the case 
of the sinuous jet oscillations, which dominate the jet motion, the perturbations 
of the vorticity in the shear layers bounding the jet have locally the same sign 
and therefore have an infinite range of influence (influence decaying in l/r). This 
implies that a region of the order of the hydrodynamic wavelength (>.h :::: Uj/2!) 
is involved in the feedback to the flue exit. In a recorder or flue organ pipe, the 
height of the mouth and the distance from the flue exit to the labium is less 
than a hydrodynamic wavelength. We therefore conclude that the flow at the jet 
formation points will be determined by the vorticity distribution of the flow in the 
whole mouth of the instrument. In principle, the receptivity therefore involves 
the modeling of the entire flow and can not be separated from the oscillations of 
the jet, which results in a complex integral equation formulation of the combined 
jet oscillations and receptivity problem. The works of Bechert (1988) in the case 
of the single shear layer and Crighton (1992) for the edgetone configuration are 
based on such an analysis. We now ignore this crucial difficulty and use an ad-hoc 
Kut ta condition inspired by the condition valid for varicose oscillations of the jet. 

Within the framework of potential theory, the Kutta condition takes in ac
count the effect of viscosity resulting into flow separation (Paterson, 1983). This 
condition states that the velocity at an edge should remain finite, implying tan
gential flow separation at the edges. In the absence of acoustic perturbation, 
this condition is fulfilled by introducing two shear layers having a circulation 
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Figure 4.6: Streamlines of an irrotational field in an idealized flue exit., due to a uniform flow 
in thdlue channel (bold line) and a uniform transverse perturbation (dashed line). 

(~ . 

distribution 

( 4.11) 

(depending on whether the lower or upper layer of the jet is considered) at the 
interfaces between the jet and the ambient fluid. In the case of a transverse per
turbation v;,:,(O), the local irrotational field induced by the perturbation is similar 
to that induced by the uniform jet flow Uj. This is clearly seen in Figure 4.6 which 
shows :the streamlines of the irrotational flow near the flue exit due .to a uniform 
flow coming from the flue channel and a uniform transverse flow in the mouth. 
Near the edges, .the direction of the perturbing flow is parallel or anti-parallel to 
the flow from the channel. By analogy with equation 4.11 and assuming that the 
vorticity in the jet is produced locally, we will therefore consider that, in the jet 
shear layers 

df = '.f(Uj '.f v:,.(o)). (4.12) 

It is important to realize that this assumption has no real foundation and is 
intuitive. We hope here that equation 4.12 provides a correct order of magni
tude estimate for th.e perturbation r. This equation constitutes a "boundary 
condition'i at some distance from the flue exit that we will associate with the 
osciUation mode of an infinite jet in order to determine the oscillation mode of 
an acoustically perturbed half infinite jet. 
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4.2.3 Oscillations of a plane infinite jet 

The jet oscillations in a flue organ pipe have been associated by Rayleigh (1894) 
to oscillations modes of an infinitely extended jet. This idea has formed the basis 
of the work of Powell (1961), Sato (1960), Michalke (1965), Freymuth (1966) and 
many other researchers on jets and shear layer oscillations as well as the early 
model of Cremer and Ising (1968). 

The motion of an infinitely extended two-dimensional jet is considered. The 
velocity profile Ui of the jet is assumed to be a function of they coordinate only, 
which is perpendicular to the propagation axis x of the jet. A small velocity 
perturbation , with components v~ and v~ along the x and y axis respectively, is 
superimposed on the flow a.nd its evolution in space and time is followed. The 
starting point is the equation of the conservation of vorticity in a two-dimensional 
flow (Rayleigh, 1894) 

( () ()) (o2
'1j/ EP'lf;') o,,P' (d?U1) 

f)t + Ui ox oxz + oyz - ox dy2 
0, ( 4.13) 

obtained from the linearized equation of motion and the continuity equation and 
where 1/J' is the stream function representing the perturbation. For wave-like 
solutions propagating in the x direction, solutions are of the form 

1/J' = ;p'(y )ei(wt-ar) (4.14) 

where w is the angular frequency, t is time and a is the propagation constant. 
In equation 4.14 either w or a is real and given. In the first case, the solution 
(a= a,+ ia;) corresponds to a spatial mode characterized by its phase velocity 
ep = (w/a,) and its spatial amplification coefficient (a;). A spatial mode has 
a given angular frequency w and an amplitude wr.ich increases (or decreases) 
exponentially with distance as the perturbation is convected away. In the second 
case (a; 0), the solution (w = w, + iw;) corresponds to a uniform oscillation 
whose amplitude changes with time. In early works on oscillating jets (Sato, 
1960), the temporal analysis was considered to be relevant; however Michalke 
(1965) and Freymuth (1966) have shown that in the case of a semi-infinite shear 
layers perturbed by an acoustic field, the flow is more accurately described by a 
spatial instability mode. 

In general, equation 4.13 is difficult to solve. However, when the velocity 
profile U;(y) is piecewise linear (d?U;/dy2 = 0), simple analytical solutions can 
be obtained (Drazin and Howard, ,1966). 
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Figure 4.7: Jet having a top-hat velocity profile perturbed by a transverse acoustic field and 
definition of the flow regions i. 

4.2.4 Oscillations of a semi-infinite jet having a top hat 
velocity profile 

We consider an infinite jet having a top hat velocity profile 

{ 

Vo if IYI ~ ~ 
U;(Y) = . , 

0 if IYI > 4 
(4.15) 

as shown in Figure 4.7, and determine its reaction to an imposed acoustic field at 
the jet formation points. The velocity profile is not very realistic but corresponds 
to the approximation of a potential flow and is convenient since it yields analytical 
solutions. Furthermore, our formulation of the Kutta condition (equation 4.12) 
can only be applied to a jet having infinitely thin shear layers. This jet velocity 
profile was also used by Cremer and Ising {1968) in their analysis of jet oscillations 
and by Crighton (1992) for his edgetone theory. 

We assume that the jet movement is dominated by anti-symmetric (sinusoidal) 
oscillations modes which is motivated by the analysis of visualizations of the jet 
movement (Fabre, 1992). We therefore neglect the influence of varicose modes 
due to the jet velocity variations. In these conditions, solutions are of the form 

A1eo:y if y ~ -~ 

'f';(y) = A2(e-o:y + eo:Y) if IYI < q (4.16) 

A3 e-o:y ify > ~ 

which yields the following dispersion relationship between a and w (Cremer and 
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Figure 4.8: Amplification coefficient of a jet having a top hat velocity profile calculated with 
equation 4.18 as a function of the Strouhal number Sth = wh/Uo. 

Ising, 1968) 

( 
a:Uo) 2 1- e"'h 

1-- --=l 
w 1 + e"'h 

( 4.17) 

For low Strouhal numbers (St = wh/ U0 < 1 ), equation 4.17 can be approximated 
by the following explicit expression 

a:h = ~. (~) 1/3 ~ i\!'3 (~) 1/3 
2 St + 3 + St ( 4.18) 

The imaginary part of a:, or amplification coefficient of the perturbation, ob
tained from equation 4.18 is shown in Figure 4.8 and clearly increases without 
bound with frequency. In a more realistic model, the amplification coefficient 
should reach a cut-off frequency such as in the case of a Bickley jet shown in Fig
ure 4.11. This unrealistic behavior constitutes a severe drawback and the model 
can therefore only be expected to yield good results at low Strouhal numbers. 

In order to determine the jet centerline velocity, we must determine the value 
of the constant A2 in equation 4.16. This is done by using the Kutta condition 
discussed in Section 4.2.2. Indeed, we will consider that it is possible to match 
this vorticity distribution at the flue exit to that of an oscillation mode of an 
infinite jet. We therefore suppose that the contribution of the perturbing velocity 
v:,.(O) to the vorticity distribution at the flue exit (see equation 4.12), is equal 
to the vorticity distribution induced, in the shear layers bounding the jet, by an 
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oscillation mode of the infinite jet. This yields, using the fact that by definition 
v~ = fJ'efJ' I oy 

-r I (0) = 81/J~ - ot/JLs (4 .19) 
-r vm 8y 8y ' 

where the indices refer to the jet regions (see Figure 4.7). In other words, the 
portion of the vorticity in the shear layers of the jet corresponding to the oscil
lations of the jet is equal to the perturbing velocity v:,.(O) at the flue exit. By 
using equations 4.16 and 19, and jump conditions at discontinuities (Drazin and 
Howard 1966), we find assuming that ah<:: 1 

(4.20) 

By using the definition v~ = -( ot/J' /ox) we can finally obtain the transverse 
velocity of the jet 

v~=o -ilv:.,(O)I ( 1 - a~o) ei(wt-<>x) ( 4.21) 

As noted by Bechert (1965), Cremer and Ising (1968) and Yoshikawa (1980), 
the jet is a streakline. The jet centerline position q(x, t) can therefore be calcu
lated, in a linear approximation, by the following expression: 

q(x, t) ~ r [v~=o(x', t') + v!,,(t')] dt', 
· lct-x/Uo) 

(4.22) 

where x' = x - (t - t')Ui and v:,. is, for reasons of simplicity, replaced by the 
average transverse acoustic velocity v:,. in the mouth of the instrument. We finally 
obtain, using equations 4.21 and 4.22 

( 4.23) 

In the limit a~ 0, equation 4.23 corresponds to the model of Bechert (1965) and 
Yoshikawa (1980). It should be noted that our expression displays an unrealistic 
behavior as the frequency tends towards zero predicting an infinite displacement 
of the jet in the presence of a mean flow (Coltman, 1992; Keefe and Valeriu, 
1992). In Cremer and Ising's and Fletcher's works, the fact that q(O, t) = 0 
is introduced as a boundary condition. It is obvious, from equation 4.22 that 
this condition is trivial if we realize that the displacement q(x, t) constitutes a 
streakline. For this reason, we have to match only one boundary condition at 
the flue exit rather than two and can therefore consider a single mode of the 
infinite jet. We make the assumption that further downstream the uns' able 
.mode propagating in the direction of the flow dominates and therefore select 
this mode. In Cremer and Ising's (1968) and Schlosser's (1979) papers; the jet 
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centerline position 'fl is described in terms of modes of the stream function. Two 
modes a.re selected because two boundary conditions are imposed at the flue exit 
(811/8x = 0, 1J = 0). This approach has little physical meaning since there is no 
simple relationship between the stream function and a streakline. 

Jet displacements predicted by equation 4.23 are coqipared to measurements 
performed on a small organ pipe (Fabre, 1992)in Figufe4r9 for driving pressures 
of 60 Pa and 270 Pa, resulting in Strouhal numbers,equalltp 0.31 and 0.15 re
spectively. T~e jet position at the labium was determi~ed, Jri the measurements, 
by Schlieren visualization of the jet. In the calculation of tile displacemeip.t of th~ 
jet, the fundamental and the first two harmonics were considered. The ,phase and 
amplitude of the predicted jet displacement agree surprisi~gly *ell ":'.ith the mea~ 
surements cpnsidering the unrealistic jet velocity profile used in the m,odel an~ 
the accumulation of crude assumptions. However, as stressed earlier, the model 
is only expected to yield reasonable results for low Strouqal numbers, due to the 
unrealistic behavior of the amplification coefficient a as the Strouhal number i)l
creases. In Figure 4.10, the phase difference between the jet displacement 11(W) 
at the labium and the perturbing velocity v:,.{O) at the flue exit predicted by 
equation 4.23 is compared to unpublished measurement$ by Coltman performed 
on the experimental set-up described in (Coltman, 1976). The predicted phase 
lag is only satisfactory in the Stro~hal number range 0.2 < St < 0.4. 

4.2.5 Bickley profile and other jet velocity profiles 

In the previous section, we assumed a top-hat velocity profile. This makes the 
formulation of a Kutta condition at the flue exit easier and the calculation of 
the oscillation modes of the perturbation function simple. The drawback is· an 
unrealistic velocity profile. Indeed the :flow at the flue exit, in our experimental 
organ pipe, approaches a Poiseuille flow. In addition, the predicted amplification 
coefficient of the perturbation (Im[a]) increases without bound with increasing 
Strouhal numbers. This behavior is due to the particular choice of the velocity 
profile. As discussed by Jllany authors, among others Schlosser (1979), Sato 
(1960), Fletcher and Thwaites (1979), Drazin and Howard (1966) and Mattingly 
and Criminale (1971), a jet with a more realistic profile in which the shear layers 
have a finite thickness, has a cut-off frequency or neutral stability frequency (St.,.) 
above which the perturbation modes propagating in the downstream direction 
decay. The piecewise linear profile approximation is quite attractive and has 
been discussed by Schlosser (1979) for a triangular profile and Mattingly and 
Criminale (1971) and Verge et al. (1994a) in the case of a trapezoidal profile. 
In the case of a simple shear layer with a linear profile, Balsa (1987) gives a 
systematic discussion of artifacts introduced by the discontinuities. 

At the present time, using different velocity profiles implies a new analysis of 
the receptivity problem which is a very complex problem. As an alternative, we 
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.FigureA.9:. Jet displacement q(W) at the labium in a small organ pipe for a driving pressure 
of:-a) tlQ P;a;, and b) 270 .Pa. Top hat jet velocity model (dashed line), modified Fletcher model 
(botd. i~ne), original .Fletcher model (dotted line) and experimental measurements (stars). In 
Figure b, the amplitude predicted by the original Fletcher model was divided by three. T is 
the period of the fundamental and 110 is the labium position. The. value of the parameter b was 
let to 0.4h ii) all three theoretical calculations. 
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Figure 4.10: Phase difference between the perturbing velocity 11!,,(0) at the jet formation 
points and the jet displacement at the labium ri(W) as a function of the Strauhal number. 
(St = /W/Ud, where f is the frequency); top hat jet velocity profile model (da8hed line), 
modified Fletcher model (bold line, b = 0.4h)) and experimental measurements from Coltman 
(1992) (+, 1.9 $ W/h $ 6.3, 300 $ Rei. $ 1600 with Re,. = Uoh/11 and where 11 is the 
kinematic viscosity). 

propose to modify t.he semi-empirical jet model given by Fletcher (1976) 

v' (0) ( ( iwx)) 17(x,w) = :w 1 - cosh(µx)exp ---;:;- ( 4.24) 

where µ is an amplification coefficient and ti the speed of the hydrodynamic 
perturbation on the jet. We note that Fletcher indifferently replaces the hyper
bolic cosine in equation 4.24 with an exponential (Fletcher and Rossing, 1991) 
which can, for high values of its argument, introduce variations of the order of 
a factor two. In this model, the formulation of the receptivity problem, based 
on the works of Powell (1961) and Cremer and Ising (1968), is strange. The jet 
is assumed to leave the flue exit horizontally (817(0,w)/ = 0), and to oppose a 
displacement at the flue exit ( 17(0, w) = 0). The statement that the jet leaves the 
flue exit tangentially is a kind of Kutta condition, but it is applied on the jet 
axis rather than at the edges of the flue exit where, as noted by Elder (1980), it 
should be applied. The other statement that the jet displacement should vanish 
at t.he flue exit is even stranger because a fluid does not, by definition, oppose 
to a displacement or deformation but only to a rate of deformation. Despite its 
lack of physical background, equation 4.24 constitutes, as seen in Figures 4.9 and 
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4.10, a good semi-empirical formula and we will try to improve it by redefining 
the different parameters. 

Following Fletcher, we assume a Bickley velocity profile 

U1(Y) Uosech2(y/b), ( 4.25) 

where b is the jet half width parameter. The relationship between U;, b, µ 
and u and the physics of the problem is quite obscure in the literature. Fletcher 
and Thwaites (1979) propose the use of the temporal stability analysis of Drazin 
and Howard to relateµ and u to U;, band w. However, the proposed curve fitting 
published by Fletcher and Thwaites is not in agreement with the original data 
of Drazin and Howard (1966) (nor with the results of Savic (1941) for neutral 
stability). As we expect a spatial analysis of the jet movement to be more relevant 
than a temporal analysis, we propose as an alternative, to use the data for µ and 
u calculated for a Bickley profile by Mattingly and Criminale (1971). A plot of 
these data is given in Figure 4.11 and compared to the original data used by 
Fletcher and Thwaites. 

We now have to relate Uj and b to the physical parameters of the musical 
instrument. In Fletcher's work (1976) and later applications, this step is not 
accurately described. As we consider relatively short jets (W/ h :::::: 4), we assume 
that the jet centerline velocity U0 remains unchanged and corresponds to the cen
terline velocity at the flue exit. From calculations of van Zon (1990) on boundary 
layer growth in a uniform channel of height h, we conclude that even if a Poiseuille 
flow is reached at the flue exit, the centerline velocity is well approximated by 
using Bernoulli's formula: 

Uo = fiEP, yp;; ( 4.26) 

where 6p is the pressure difference between the pressure supply and the flue exit 
and Po is the density of the fluid. As in a free jet there are no external forces, we 
expect, for a stationary flow, that the momentum flux J 

J Pol: U}(y)dy, ( 4.27) 

where Ui (y) is the velocity distribution in the jet, is conserved along the 
jet. The volume flux will slightly change as a result of flow entrainment and 
we therefore propose to calculate b for a given velocity profile Ui(Y )l:r=o at the 
flue exit by matching the momentum flux to that of the Bickley profile which 
is assumed further downstream. For a uniform velocity U0 at the flue exit, we 
find b = 3h/4 corresponding to a volume flux 3hU0 /2 in the Bickley jet. For a 
Poiseuille profile at the flue exit, we find b = 2h/5 and a volume flux 4hU0 /5 in 
the Bickley jet. · 

Jet displacement predicted by equation 4.24 and the value of the spatial am
plification coefficientµ and the phase velocity u given by Mattingly and Criminale 
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Figure 4.11: a) Amplification coefficient of a Bickley jet; b) velocity of a hydrodynamic 
perturbation on a Bickley jet as a function of the Strouhal number Sto wb/Uo. Coefficient 
used in the modified Fletcher model (bold line) (Mattingly and Criminale, 1971) and coefficients 
used by Fletcher and Thwaites (1979) in their original model (dashed line). 
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for a parameter b = OAh are compared with jet displacement measurements per· 
formed on a small experimental organ pipe (Fabre, 1992) in Figure 4.9. We can 
judge of the importance of well defining the different parameters of the model 
by comparing these results with the jet displacements predicted by equation 4.24 
and the original coefficients used by Fletcher also shown in Figure 4.9. The phase 
of the jet displacement is accurately predicted by the original model but the am
plitude of the oscillation at the labium is a factor three too high. The phase lag 
between the jet displacement at the labium and the perturbing acoustic velocity 
at the flue exit predicted by the modified model is shown in Figure 4.10 and 
compared to measurements performed by Coltman (1992). We see that globally 
this empirical formula is better than our theory. However, as noted by Coltman 
(1992) in the limit St--+ 0, the empirical model of Fletcher also displays a strange 
behavior. Furthermore, Nolle (1994) has recently found that, in this limit, the 
predicted phase velocity of an infinite jet may not correspond to experiments on 
acoustically driven jets. 

4.3 Jet drive 

Following Powell (1961) and Coltman (1976) and as discussed in Section 4.2.1 the 
jet movement at the labium can be replaced by a pair of complementary fluctu
ating volume sources with injection points located on either side of the labium at 
a distance e from the edge, as shown in Figure 4.12a. In this section, the pressure 
supplied by these complementary flow sources, located at the entrance of the 
resonator, is determined by using potential flow theory. In most of the currently 
used models, in addition to the volume injection, a momentum transfer from the 
jet to the acoustic flow in the pipe is estimated by using a quasi-stationary model. 
Because the Strouhal St wH/Uj number based on the pipe diameter is large, 
the mixing of the jet flow with that of the pipe can not be instantaneous and 
therefore such a quasi-stationary mixing model has no justification and should 
not be used. As it is quite questionable whether this momentum transfer is ac
curately described or even if it is significant, we prefer to ignore it. We assume 
that the dominant momentum transfer occurs as a result of the interaction of the 
jet with the labium, which is already included in the force necessary to "main
tain" the flow sources at their positions. This force is supplied by the labium. A 
discussion of the equivalence of these effects is given by Powell ( 1961) in the case 
of the edge-tone. 

We wish to determine the potential difference L.cf>' across the mouth of the 
instrument induced by the two complementary sources at the labium. \Ve use 
again the idealized mouth geometry shown in Figure 4.lc and consider two points 
located very far from the labium on either side of the mouth. Taking one point as 
the reference, the potential difference L.<Ii' is equal to the potential induced at the 
second point by the sources and their images. This potential difference is easily 
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Figure 4.12: Pressure source l::.p at the labium; a) real mouth geometry with the source 
points a distance e from the edge of the labium; b) equivalent two-dimensional geometry: the 
source and sink are placed a distance 6d apart in a tube having a cross section equal to that of 
the mouth; c) equivalent pressure source of strength l::.p in a one-dimensional representation of 
the instrument. 
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determined with the help of the reciprocity principle. This principle states that 
the potential, due to a source placed at one point and measured by an observer, 
is the same as the potential measured at the source position if the source and 
observer's position are interchanged. We find 

.64>' = -
4~; ln(I + P):: -

4~~ lfJ. ··"'· ( 4.28) 

If the two points considered are assumed to lie at the limit of the compact region 
around the mouth of the instrument, the complementary sources at the labium 
can be viewed as a source supplying a pressure difference of strength l:.p between 
the exterior of the instrument and the entrance of the resonator. In this way, the 
movement of the air mass in the mouth can be matched with the acoustic field 
in the resonator. By using Bernoulli's theorem to express the potential difference 
in terms of a pressure difference, the following relationship is obtained 

8.64>' 
l:.p = -poat -iwpo.64>'. ( 4.29) 

This jet drive model can be used in a simplified one-dimensional representation 
of the instrument. The mouth is replaced by a small tube of cross section S.,,. and 
length b.,,. representing the end correction associated with the mouth. The pipe, 
in which plane-wave propagation is assumed, is represented by a tube of cross 
section Sv and length Lv equal to that of the pipe such as shown in Figure 4.12c. 
This transformation has been discussed in detail by Verge et al. (1994c). The 
complementary sources (of strength +Q~ and -QD are placed a distance bd apart 
in the small tube representing the mouth. Since the flow is assumed to be uniform 
in the one-dimensional representation, the potential difference across the mouth 
is then equal to (with the sign convention of Figure 4.12b): 

.64>' = - bdQ~' s.,,. (4.30) 

if bd is defined as positive. A plot of bd as a function of the ratio e/W, obtained 
from equations 4.28 and 4.30 is shown in Figure 4.13. In the limit c/W «: 1, we 
obtain: 

( 4.31) 

For a typical alto recorder geometry e/W := 0.25 (if c is assumed to be equal 
to h) yielding a distance d of about 3.5 mm. This value is to be compared with 
the length of the end correction associated with the mouth. In the case of our 
experimental organ pipe this end correction is of the order of 9 mm (Verge et al., 
1994c) which indicates that the two sources are located "inside" the instrument 
and can therefore produce acoustic work. This stresses the dipolar nature of the 
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Figure 4.13: Distance 8d between the source and sink in the one-dimensional geometry of 
(Figure 4.12b) as a function of the sources position! from the edge of the labium in the two
dimensional geometry (Figure 4.12a). 

source at the labium in opposition to a monopolar nature, where only the volume 
source below the labium is taken into account, such as considered by Fletcher 
(1976a). 

The presence of the complementary sources at the labium can be represented 
by a pressure jump across the mouth of the instrument. Its amplitude D.p, in the 
one-dimensional representation, is determined from equations 4.28 and 4.29. This 
pressure source enables oscillations in the resonator to be maintained. The re
sulting acoustic flow at the entrance of the resonator then constitutes a boundary 
condition for determining the velocity distribution in the two-dimensional repre
sentation of the mouth. This simple jet drive model will be used in Section 4.4, to 
estimate the amplitude of smooth recorder transients in a linear approximation. 
Finally, the value of the flow Qi can be determined, as suggested by Cremer and 
Ising (1968), from the estimated jet position 71(W,w) at the labium 

(4.32) 

where they axis is oriented towards the exterior of the pipe (as in Figure 4.1), 
D is the mouth width and y0 is the labium position measured from the flue exit 
axis. 
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4.4 Linear analysis of the initial transient of a 
recorder and a small organ pipe 

The validity of the jet oscillation and jet drive models can be determined by 
inserting them in the feedback loop of Figure 2.2. In this section, simulations 
obtained with this loop, in a linear approximation, are compared with smooth 
attack transient measurements performed on an alto recorder and a small experi
mental recorder-like organ pipe. Indeed, the smooth transients obtained on these 
instruments display a linear character and are helpful in evaluating the behavior 
of the models when applied to low amplitude signals. 

4.4.1 Experimental procedures 

A Zen-On alto plastic recorder (Pol Bressan model) was used. This type of 
instrument has a convergent flue channel and the lower edge of the flue exit is 
rounded. Pressure signals in the mouth of the player and in the instru~ent were 
recorded simultaneously with a digital oscilloscope. The pressure history in the 
recorder was measured using a B & K probe microphone (type 4170) inserted 
into the recorder through a small hole made in the body of the instrument above 
the thumb hole, just below the labium. The microphone was maintained in a 
fixed position and the holes were sealed with modeling clay. The measurement 
of the pressure in the mouth of the player was carried out with a Microswitch 
pressure sensor (type 140PC) which had been previously calibrated against a 
water manometer. The sensor was connected to the mouth of the player by 
2.6 cm long plastic tube having a diameter of 3.5 mm. The geometry of the 
experimental organ pipe and the measuring equipment used on the organ pipe 
are described in detail in Verge et al. (1994c). The driving pressure signal was 
obtained by blowing into a plastic tube connected to the foot of the pipe. 

4.4.2 Pressure signals 

An important aspect of recorder technique is articulation. The different attacks 
used by recorder players are numerous and depend on the type of music played. 
Broadly, they can be divided into the consonantal attack type, such as t, d and 
r and the guttural attack type such as k and g. These different attacks can also 
be combined to produce double or triple-tonguing (t-k, d-g-d etc ... ) in order 
to achieve a faster articulation. Another kind of consonantal attack, though not 
widely used musically, is the aspirated h, brought about by speaking a toneless 
h; this type of attack turns out to be interesting because it yields a very smooth 
transient which can be analyzed with a very simple theoretical model. 

Figure 4.14 shows the pressure signals measured in the mouth of the musician 
corresponding to an h attack and the corresponding acoustic response of the 



4.4. Linear analysis of the initial transient of a recorder and a small organ pipe 117 

a) 

PJ 
(Pa) 

-10'--~-.L~~-'-~~_.._~~'--~-.L~~-'--~~_.._~~'--~--'~~-..J 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 

time (s) 
b) 100 

80 

Pr> 
(Pa) 

60 

40 

20 

-20 

-40 

-60 

-80 

-100~~~~~~~~~~~~~~~~~~~~~--'~~~~~ 

0 0.02 0;04 0.06 0;08 0.1 0.12 0.14 0.16 0.18 0.2 

time (s) 

Figure 4.14: Experimental pressure signals: a) Smooth driving pressure rise measured in the 
mouth of the musician obtained with an h atta.ck and b) corresponding response of the recorder 
measured under the labium. 
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recorder measured at the wall opposite of the labium. We notice a long delay 
between the moment when the driving pressure begins to rise and the onset of the 
acoustic response. From this point on, the oscillations then grow very smoothly 
and monotonically. Similar responses during the initial transient were observed 
in an experimental organ pipe and are described in detail by Fabre (1992) and 
Verge et al. (1994c). 

4.4.3 Linear analysis 

We describe a linear model of our recorder which enables us to analyze its response 
to small harmonic perturbations. A linear analysis of the system predicts a 
monotonic growth of the perturbations since, for operation at low amplitude, 
saturating non-linear mechanisms can be neglected. The smooth, exponential· 
like acoustic responses of our recorder, obtained with slow driving pressure rises, 
can therefore be expected, at the onset of the oscillations, to be described within 
the framework of a linear theory. 

The recorder is represented by the feedback loop of Figure 2.2 and we con· 
sider three-dimensional flows with the different contributions evaluated by using 
our previous two-dimensional analysis. If we consider small perturbations, we 
can linearize the equations describing the system and consider the behavior of a 
perturbation x' of the form 

x' = xeiwt, ( 4.33) 

where a hat denotes a complex amplitude. The real part of w represents the 
angular frequency of the oscillations and the imaginary part, the temporal growth 
of the perturbation. 

In order to describe the centerline displacement of the jet at the labium 17, we 
use the modif.ed Fletcher model (equation 4.24). Indeed, the top-hat jet model 
(equations 4.18 and 4.23 appeared not to be suitable for this analysis because of 
the corresponding high Strouhal numbers considered (due to the low values of the 
jet velocity at the beginning of the transient). In the calculation of the perturbing 
velocity v:i,(O) at the flue exit, we consider the influence of the non-uniformity of 
the acoustic flow from the pipe and the hydrodynamic feedback resulting from 
the jet labium interaction. We obtain 

. 1 (2 QP 0.38Q1 ) [ ) ( iwW)] 1/ =-:- -- - -- 1- cosh(µW exp --- .. 
iw 11' Sm Sm U 

( 4.34) 

The oscillations of the jet around the labium are represented by two com
plementary volume sources on either side of the labium. For jet displacements 
smaller than the half jet width (assuming that the labium is placed on the cen
terline of the flue exit) the amplitude Q1 of these sources is proportional to the 
jet displacement 

( 4.35) 
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where H is the width of the flue exit. The jet centerline velocity U0 at the 
flue exit can be calculated by using the unsteady Bernoulli equation as discussed 
by Verge et al. (1994c). The driving pressure PI in the mouth of the musician is 
obtained from measurements and is therefore a known parameter. 

As discussed in Section 4.3, the two complementary sources at the labium are 
equivalent, in a one-dimensional representation, to a pressure jump in the mouth 
which allows the maintenance of plane waves in the pipe. The amplitude t::.p of 
this source is obtained from equations 4.29 and 4.30 

t::.p = iwpoSdQ1. 
Sm 

( 4.36) 

Assuming continuity of fl.ow at the interface between the pipe and mouth region, 
A I 

the amplitude of the resulting acoustic flow Q11 at the entrance of the pipe is 
given by 

( 4.37) 

where Z11 and Zm are the pipe and mouth impedance (impedance= pressure/flow) 
respectively. In our calculations of the impedances, we considered radiation and 
visco-thermal losses. 

Equations 4.34, 4.35, 4.36 and 4.37 constitute our basic model. This system of 
equations is homogeneous and can therefore have a solution only if its determinant 
vanishes. This yields an eigenvalue problem, which can be solved numerically to 
give a complex angular frequency w for a given U0 • The oscillation threshold 

I (neutral stability conditions) of the system can also be found by assuming the 
frequency to be real and solving the system for w and U0 • Figure 4.15 presents 
typical results obtained by solving numerically this system of equations. The 
real and imaginary parts of w are shown as a function of the jet velocity. When 
many solutions of the system were found for a. given jet velocity, the unstable 
frequency was chosen to be the one with the highest amplification factor. The 
system is seen to operate a.round the normal modes of the pipe with the playing 
frequency slightly increasing with thejet velocity as would be expected (Coltman, 
1976). At very low jet velocities, the system displays an edgetone-like behavior, 
the playing frequency increasing linearly with the jet velocity. As a limit case to 
the model, we can study its behavior when the pipe is removed from the system. 
This is achieved by setting Z11 to zero in equation 4.37. As expected the system 
then operates as an edge tone. However, in order to make the model unstable in 
these conditions, we had to use a. smaller mouth end correction than the one used 
when the pipe was considered. The normalized amplification factor obtained at 
the unstable frequency displays local maxima around the resonance frequencies 
of the pipe and basically decreases with the jet velocity. This means that the 
increase in the source strength due to higher jet velocities is compensated by an 
increase in radiation and visco-thermal losses with frequency. In the case of the 
edgetone, this factor is almost constant. 
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Figure 4.15: a) Most unstable frequency of the feedback loop and b) corresponding normalized 
amplification coefficient for a pipetone ( +) and edgetone (bold line, Zp = 0) behavior. 
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It is now possible to use these results to perform a linear analysis of the 
starting transient of our record~r. The idea is to calculate the instantaneous 
operating complex frequency of the model, for each time step, by using the value 
of the jet velocity deduced from the measurement of the pressure in the mouth 
of the musician. Then, by time integration, we follow the evolution in time of 
the different parameters. The starting values of the different parameters of the 
model were l:l.educed from the amplitude of the pressure signal pp(t) measured at 
the entrance of the resonator (facing the labium) at an arbitrary time. According 
to our theory, the system should begin to oscillate when the threshold jet velocity 
is reached. However, the amplitude of the oscillations at this point can not be 
determined because of the lack of information on the level of noise in the system 
(a perfectly noiseless system would never start according to our theory). We 
chose this starting time such that the oscillations had a small but accurately 
measurable amplitude, so that the corresponding calculated amplitude of the jet 
displacement h was much smaller than h. 

A linear analysis of a smooth starting transient of the alto recorder is shown 
in Figure 4.16a. The amplitude of the predicted acoustic response of the instru
ment for different values of the half jet width parameter b is compared to the 
corresponding experimental measurements. The rate of increase of the predicted 
amplitude appears to be strongly dependent on the value of the parameter b. In 
this example, the amplitude is best predicted for b = 0.60h. The behavior of 
the system should become non-linear when the jet displacement at the labium 
becomes greater than its half width (assuming the labium to be placed symmet· 
rically with respect to the flue exit); the linear theory and the experimental data 
should then diverge. Indeed, at that point, the entire jet is already oscillating in 
and out of the recorder and a wider movement can not increase the amplitude 
of the volume sources at the labium. This is consistent with the predicted jet 
displacement at the labium shown in Figure 4.16b. Indeed, we see that when 
the amplitude of the pressure is well predicted, the theory starts deviating from 
the measurements when the amplitude of the predicted jet displacement 17(W) 
at the labium is approximately equal to half the jet width h. The predicted 
instantaneous unstable frequency is presented in Figure 4.16c. The frequency 
increases with the jet velocity as should be expected and corresponds, as ob
served in the experimental data, to the first mode of the pipe. We have also 
plotted, for comparison, the value of the corresponding instantaneous frequency 
of the experimental signal. This frequency was determined by measuring the time 
lapse between zero crossings of the pressure signal. The measured and predicted 
instantaneous frequencies are seen to lie in the same range of frequencies. In 
Figure 4.17, we show similar results obtained for a transient that started on the 
second mode of the pipe. For ea.ch curve, the moment at which the predicted 
amplitude of the jet displacement reaches a value equal to half the jet width is 
indicated by an arrow. Again the predicted amplitude can be adjusted so that 
it fits the experimental data while the jet displacement at the labium is smaller 
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Figure 4.16: Linear analysis of the initial transient of an alto recorder for different values 
of the parameter b (dotted: b 0.55h, dashdot: b 0.60h, dashed: b = 0.65h): a) predicted 
pressure response pp(t) of the recorder at the entrance of the resonator (facing the labium) 
and corresponding experimental measurements (bold line); b) predicted jet displacement at the 
labium; c) predicted and measured (stars) instantaneous frequency of the oscillations (corre
sponding to the first mode of the pipe). The moment at which the jet displacement at the 
labium reaches a value equal to the half jet width (h/2) is indicated by an arrow. 
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Figure 4.17: Linear analysis of the initial transient of an a.Ito recorder starting on the second 
mode of the resonator. Predicted pressure response Pp(t) of the recorder at the entrance of 
the resonator for different values of the parameter b (dotted: b = 0.55h, dashdot: b = 0.60h, 
dashed: b = 0.65h) and corresponding experimental measurements (bold line). The moment at 
which the jet displacement at the labium reaches a value equal to the half jet width (h/2) is 
indicated by a.narrow. The model predicted the correct oscillation mode. 

than its half width (b"" 0.60h). The playing frequency predicted by the model 
corresponds, as expected, to the second mode of the pipe. Similar calculations 
were performed using measurements made on the experimental organ pipe in or
der to verify the generality of the model. Results obtained for a transient starting 
on the first and second mode of the pipe are shown in Figures 4.18a and b re
spectively. Similarly, it is found that when the predicted pressure response of 
the instruments fits the measurements, the model is '.n good agreement with the 
measurements while the amplitude of the jet displacement is smaller than h/2. 
The optimum value of the parameter b is in these results equal to 0.40h and 
0.4lh. 

It is interesting to note that we are able to match very different transients 
from the same instruments with the same value of the parameter b. The optimal 
value of this parameter is however different for the two instruments we considered. 
This parameter therefore appears to be characteristic of a given instrument. This 
is plausible since the value of the parameter b depends on the jet velocity profile 
considered and therefore depends on the geometry of the flue channel and the 
flue exit which might be very different from one instrument to the other. In 
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Figure 4.18: Linear analysis of the starting transient of an experimental flue organ pipe for 
different values of the parameter 6. Predicted pressure response p11 (t) at the entrance of the 
resonator (facing the labium) and corresponding experimental measurements: a) Oscillation on 
the first mode of the resonator (dotted: b = 0.35h, dashdot: b = OAOh, dashed: b = 0.45h); 
b) Oscillation on the second mode of the resonator (dotted: b = 0.35h, dashdot: b = 0.4lh, 
dashed: b = 0.48h). The moment at which the jet displacement at the labium reaches a value 
equal to the half jet width (h/2) is indicated by arrows. In both cases, the model predicted the 
correct ·oscillation mode. · 
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our experimental organ pipe, the ftue canal is straight resulting in a Poiseuille 
jet velocity prbflle at the ftue exit (van Zon et al., 1990). Hence we expect, as 
calculated iri .Section 4.2.5, a value of the parameter b around 0.4h. In the case 
of the recorder, the convergence of the canal makes the jet velocity profile more 
uniform. We therefore expect a higher value of the parameter b. 

4.5 Conclusions 

We have proposed a modification of Cremer and lsing's jet model. The practical 
utility of this oscillation model of a jet having a top-hat velocity profile is limited 
since it appears to work only for a small range of Strouhal numbers. Its main 
drawbacks are the absence of a cut-off frequency of the amplification coefficient 
and the unrealistic behavior 

1
at zero frequency. A more elaborate model would 

necessitate anbther formulation of the receptivity problem allowing the use of 
more realistic jet velocity profiles. A more precise description of the flow at the 
flue exit would be necessary. This flow consists of a contribution due to the 
acoustic flow from the resonator and a contribution due to the hydrodynamic 
feedback resulting from the vorticity distribution in the whole flow. Such an 
analysis is very complex and is not available at the present time. 

For reasons of simplicity, we considered the use of a semi-empirical formula 
to describe the jet oscillations. We slightly modified Fletcher's original model by 
using amplification coefficients based on a spatial rather than a temporal analysis 
and proposed physical criteria in order to determine the jet half-width parameter 
b. This model was used in a linear analysis of smooth transients measured in a 
recorder and a small experimental organ pipe. The amplitude of the oscillations 
was well predicted while the jet displacement at the labium remained smaller than 
the half width of the jet, the moment at which the system is expected to begin 
to behave non-linearly. The behavior of the model appears to be very sensitive 
to the value of the jet half width parameter b. Indeed, a variation of a few 
percent in the value of the parameter b changes greatly the amplification of the 
different variables of the system. This makes it virtually possible to match any 
pressure signal from the pipe by adjusting the value of this parameter. Once the b 
parameter has been adjusted in order to fit the pressure signal at the entrance of 
the resonator, the corresponding jet displacement at the labium appears to be well 
predicted. Since, in a linear approximation, all the variables are amplified in a 
similar way, this means that the model predicts correctly their starting values for 
a given value of the initial pressure signal at the entrance of the resonator. This 
relationship between the different variables of the model would not necessarily be 
guaranteed by another jet drive model even if the pressure signal in the resonator 
was well fitted. This confirms that the Powell jet drive model, also discussed by 
Elder and Coltman, is a useful simple physical model and that the assumption 
that the injection points at the labium are fixed appears plausible during the 
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initial transient even though the jet velocity changes during the initial transient. 
Further work wql,J.ld however be necessary to determine an optimal value of the 
sources position f and its sensitivity to the mouth geometry. 

A linear analysis of the model provides a test case that can be used to eval
uate a physical model or test a time-domain simulation. Our formulation of the 
problem is empirical but only requires an adjustment of the value of the param
eter b. This parameter appears to be characteristic of a given instrument. In our 
analysis, the value of b for the alto recorder was higher than the one found for our 
recorder-like experimental organ pipe. In recorders, the convergence of the flue 
canal yields a more;uniform jet velocity profile than the Poiseuille profile found 
at the flue exit of our organ pipe which does indeedimply a higher value of the 
parameter b for the recorder. We have therefore considerably reduced the num
ber of unknowns in the model. We hope furthermore that, by stressing the weak 
points in the physical modeling, we have opened the way for further research. 



Chapter 5 
I 

Preliminary study of the noise 
production by confined turbulent jets 

Abstract 

The objective of this chapter is to characterize turbulence noise production by a jet 
confined in a pipe of finite length. The Lighthill analogy, describing sound production 
by aero-acoustic sources, is first presented. The integral equation formalism is then used 
to describe noise production in some simple standard geometries in order to present the 
basic mechanisms of sound production by turbulence. In the second part of this chapter, 
power spectra of noise by turbulence in a recorder-like experimental flue organ pipe are 
presented. The noise spectra were obtained by using a low reflection termination at 
the end of the pipe or placing the labium above the jet in order to eliminate the pipe
tone. The spectra present resonances associated with the passive plane wave modes of 
the pipe, chaotic edge-tone feedback loops and strong transversal acoustic pipe modes. 
Using a simple one-dimensional representation of the system, turbulence noise sources 
were deduced from the power spectra~ For Reynolds numbers U;h/v > 3000 based 
on the jet velocity Ui and the flue channel height h, the amplitude of these sources 
display a maxima located at a Strauhal number corresponding with the maximum 
instability of a plane jet. As expected from the presence of the walls and the edge, the 
noise source has a dipolar character and its amplitude therefore scales with the square 
of the jet velocity. For lower Reynolds numbers (700 <.Re < 3000)turbulence only 
appears, as shown by flow visualizations, downstream of the labium. Consequently, 
because of the jet oscillations, the turbulence noise should be intermittent in tliese 
conditions. · The maximum amplitude appears at higher Strauhal numbers than in 
the case of high Reynolds number flows which could be due to a change in the jet 
velocity profile or a dominance of the edge-tone instabilities. The calculated sources 
were tested by reintroducing them into a simple one-dimensional recorder model in 
order to simulate the measured noise spectra at different positions in the resonator. 
The simulation appeared to predict well the turbulence noise measured in the absence 
and in the presence of a pipe-tone. 
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Figure 5.1: Power spectra of the pressure signal p' (in dB rel 20 µPa) measured in a small 
experimental recorder-like organ pipe at the end of the resonator (50.25 mm from the passive 
end of a 0.283 m long pipe) for a driving pressure PJ of 2500 Pa. 

5.1 Introduction 

Turbulence noise is an essential component of the tone of flute-like musical in
struments. Although it does not contribute fundamentally to the functioning of 
the instrument, a noise module is important to include in a simulation model in 
order to obtain a realistic and natural sounding synthesis. The turbulence noise 
source, located at the entrance of the resonator, has a broad-band spectrum and 
is "colored" by the passive resonances of the pipe. Figure 5.1 shows a power 
spectrum obtained upon steady blowing of a small recorder-like organ pipe. The 
harmonically related frequency components associated with the feedback mech
anisms of the instrument clearly dominate the sp;.:ctrum. However, the presence 
of turbulence noise results in a widening of the base of the different peaks and 
the presence of a small bump when a passive frequency of the pipe is located 
between two peaks of the spectrum. The objective of this chapter is to analyze 
and characterize this broad-band sound source. 

In a flow, momentum transfer may occur as a result of convection or diffu
sion by viscosity. The order of magnitude of these mechanisms depends on the 
speed of the flow, the viscosity of the fluid and the geometry considered. Their 
respective importance is evaluated by using a dimensionless ratio. In a flow of 
characteristi{; velocity U, the force density lapv,v;/ax;I (where pis the density, 
v and i the vefocity and pm;ition vectors, respectively, and where the Einstein 
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index summation convention is used (Paterson, 1983) occurring as a result of 
convection can be estimated to be of the order of pU2 / L where L is a charac
teristic gradient length of the flow. The force density l1182v;/8xjl (where 17 is 
the dynamic viscosity of the fluid) due to momentum diffusion by viscosity can 
be approximated by 17( U / L2). By taking the ratio of these two quantities, the 
Reynolds number Re is obtained 

UL 
Re=-, 

v 
(5.1) 

where vis the kinematic viscosity and ls equal to 17/ p. At low Reynolds numbers, 
momentum transfer by viscous diffusioh is domihant and the effects of convection 
are less important. This occurs in loy.' speed or very viscous flows. The flow is then 
said to be laminar having a very sta~le and well defined structure. When a critical 
Reynolds number is reached nonlinear convective momentum transport becomes 
dominant. Above this critical Reynolds number, the flow becomes unstable and 
turbulence appears. 

Turbulence is essentially a three-dimensional chaotic motion which breaks 
down large vortical structures into smaller ones. In this process kinetic energy 
is transferred from the large to the small structures until a scale is reached, the 
Kolmogorov length scale, at which dissipation by viscosity becomes very efficient. 
Analytical description of turbulence is limited, yielding global orders of magni
tude estimates of dissipation rates or of typical velocity fluctuations. Numerical 
models based on time - averaged equations imply closure hypothesis which ap
pear to have limited value and often rely on empirical data for a specific flow 
configuration. Direct numerical simulation of turbulent flow becomes very diffi
cult for Reynolds numbers of the order of 103 to 104• The problem of estimating 
the sound production by a turbulent flow is therefore a difficult one since the flow 
cannot be described in detail. 

Lighthill was the first, in two famous papers (Lighthill, 1952; Lighthill, 1954), 
to formalize the problem of noise production by turbulent jets using an integral 
equation approach. His approach allows one to extract a maximum of informa
tion on the sound field from a minimum of knowledge of the flow field. When 
using Lighthill's formalism, t.he noise produced by turbulent jets can only be 
characterized analytically for simple geometries since noise production depends 
on the jet shape and is strongly affected by the presence of bodies or walls in 
the flow. This implies that in order to go beyond generalities, we will have to 
rely on empirical data to describe noise production in complex geometries such 
as that of flue instruments. Our aim will be to find scaling rules which will allow 
to reduce the amount of experimental data necessary to predict noise production 
in this particular kind of geometry. 

In the first part of this chapter the simple configurations shown in Figure 5.2 
will be considered. They provide a framework that can be used to analyze more 
complicated geometries and enable us to understand the mechanisms involved in 
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Figure 5.2: Turbulent jets in simple configurations: a) turbulent circular free jet; b) body in 
a free jet; c) turbulent planar free jet; d) edgetone; e) turbulent jet in an infinite pipe and f) 
edgetone in an infinite pipe. 

sound production by turbulence. The problem of a circular turbulent free jet is 
first discussed and compared to the case of a free planar jet. The effects of the 
presence of bodies in the flow is then considered, in particular the presence of a 
sharp edge such as in the edgetone configuration. Finally, the cases of a free jet 
and an edgetone confined in an infinite pipe are presented. In the second part 
of this chapter, experimental measurements performed on a small experimental 
recorder-like organ pipe are used in order to determine a noise source that could be 
used in a simulation model. General conclusions drawn in the first section apply 
to this source but the fact that the turbulent jet in such a system is confined in 
a pipe of finite length must carefully be taken into account. 

5.2 Lighthill analogy 

The Lighthill analogy (Lighthill, 1952; Lighthill, 1954; Goldstein, 1976) enables 
one to describe the sound production from so-called aero-acoustical sources in
duced by unsteady flows. The key idea of this analogy is to consider that the 
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observer is surrounded by a uniform and stagnant fluid with constant properties 
(po and p0 , the quiescent reference density and pressure). The sound field is de
fined as a linear perturbation of this quiescent fluid. This fluid is then extended 
to the entire space except for a finite source region where the velocity field fluc
tuates. In other words, a compiex w~ll-localized nonlinear sound-generating flow 
is distinguished from the surrounding fluid which is dominated by simple linear 
propagation phenomena. The fluid is therefore described by a non-homogeneous 
wave equation in which the left side is a classical wave equation for a uniform 
stagnant fluid and the right term is a collection of all the terms representing a 
deviation from this ideal behavfor and which are treated as acoustic sources. 

The Lighthill analogy is obtained from the mass and momentum conserva
tibn laws which can be written using the Einstein index summation convention 
(Paterson, 1983) 

op apv; 
at + OX; = qm, (5·2) 

f) pv; a pv;v i au ii J, 
Tt + ~ = ax· + ;, (5•3) 

, J 

where p is the density at the observation point, vis the velocity vector, x the 
position vector, qm a mass source, fan external force density vector and O';j the 
stress tensor which is related to the pressure p by 

(5.4) 

where 8ij is the Kronecker tensor (8ij = 1 if i = j and 8ij = 0 if i =J j), and Tjj 

is the viscous shear stress tensor. The pressure and density perturbations p' and 
p', in the thermodynamic state of the fluid, are defined as a deviation from their 
quiescent reference states Po and po 

p' =p-Po, 

I 
P = p- Po· 

(5.5) 

(5.6) 

By taking the time derivative of the mass conservation law and the divergence of 
the momentum conservatio.n law, subtracting the resulting equations and using 
equations 5.5 and 5.6, the following relationship is obtained 

f)2p1 
{)

2p1 
{)

2 ( pv ·v · - T· ·) Oq of,· -- - -- + I J IJ + ~ - -' 
at2 - ax[ OX;OXj at OX;. 

(5.7) 

The famous Lighthill equation is now constructed by subtraction of c582 p' I ax[ 
from each side of equation 5. 7. · 

(5.8) 
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where C() is the speed of sound in the quiescent :fluid in which the observer is 
immersed and Tii is th.e Lighthill stress tensor defined as 

(5.9) 

The Lighthill analogy was written in terms of the density fluctuations p' but 
it is more convenient, in certain problems, to express it in terms of the pressure 
fluctuations p'. By adding the term (l/Cfi)EJ2p1 /8t2 on each side of equation 5. 7, 
Doak's formulation of the Lighthill analogy is obtained 

i 82p' a2p
1

. a2 a2 
(p' ') 8qm af, 

c6 {)t2 - oxl = OX;OXj (pv;Vj - 1'ij) + {){1 c6 - p + at - 8x;. (5.10) 

Note that the choice of the aero-acoustic variable has changed the source term. 
These analogies reduce to the linear homogeneous wave equation when their right
hand side is negligible. The source region is therefore defined as the region where 
these terms ca,nnot be neglected. Five contributions can be distinguished in the 
source term: 

• Reynolds stress. This sound source is associated with :fluctuations in the 
Reynolds stress tensor pv1v; and has a quadrupolar nature. It represents 
sound production due to nonlinear convective phenomena such as turbu
lence and vortex shedding. 

• Viscous stress. This term represents sound production by fluctuations 
in the viscous stress tensor Tij· In flute-like instruments it would represent 
sound generation by viscous dissipation in the bulk of the flow and at walls. 
Only the viscous dissipation at the walls .is indeed significant. 

• Entropy. The :fluctuations in the term ((p' /Cfi)-p') represent sound sources 
due to a difference between the sound speed in the :flow and at the observer's 
position and to changes of the entropy of the fluid occurring in processes 
such as combustion and heat transfer. In flute-like instruments, this term 
would take into account sound production due to heat transfer at walls 
and to the temperature difference between the air blown by the player and 
that in the instrument. Note that this term has a different representation in 
equations 5.8 and 5.10. In Lighthi!l 's analogy it seems to have a quadrupolar 
nature while in Doak's formulation it is similar to the volume injection term 
and therefore has a monopolar nature. Of course, both representations must 
be equivalent if exact calculations are made. A difference can only arise as 
a result of an approximation. This example illustrates the ambiguity of 
interpreting qualitatively the sources in terms of multipole hierarchy. 

• Volume injection. This monopolar sound source Oqm/8t represents the 
effects of unsteady volume injection. In a. simplified acoustic representation 
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of the recorder in which it is assumed that the flue exit is replaced by a 
solid wall, the :flow through the :flue exit can be represented by an equivalent 
distribution of volume sources on the solid surface. This is actually the 
model used in Chapters 3 and 6. 

• External force. This dipolar sound source -fJ f;/ ox; represents the effects 
of an external force acting on the fluid. When studying flute-like instru
ments, external forces are negligible. However, it is possible, as was done 
by Powell in the case of the edgetone (Powell, 1961), to treat the effects of 
the presence of the labium in the flow as an external force acting on the 
reference fluid. 

The Lighthill analogy is an exact equation since no approximation has been 
made. However, it is certainly not easier to solve l;han the four equations from 
which it was derived (the mass conservation law and the three components of 
the momentum conservation law). Indeed, there is now only one equation for the 
same number of unknowns. The analogies can therefore only be useful when some 
approximations are introduced. Lighthill's success came from the combination of 
judicious approximations and the use of the integral equation formalism. 

5.3 Green's functions and integral equations 

A formal solution of a non-homogeneous wave equation can be found in the form 
of an integral equation by the use of the Green's functions formalism.· This 
representation combines the effects of sources, propagation, boundary and initial 
conditions in a single equation. 

The Green's function G (x, tjy, r) is the response, at position x and time t, to 
a pulse sent from position ii at time T. It is defined as the solution of the wave 
equation · 

_!._ 82G(x,tjy,r) _ fJ 2G(x,tjy,r) = 6(~- :1\6( _ ) 
cg fJt2 fJxr X y J t T ' 

where 6(x) is the Dirac generalized function having the property 

J: f(x)c(x - xo)dx = f(x0 ), 

(5.11) 

(5.12) 

for any well behaving function f(x). In order to be uniquely defined, the Green's 
function must satisfy suitable linear conditions on the surface S of the control 
volume considered. In the Fourier domain one obtains 

(5.13) 

where a is a function of the frequency and n is the outer normal vector of the 
surface. A general linear boundary condition can be expressed in the Fourier 
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domain as an impedance. Such a general condition involves a convolµtion in 
the time domain. The Green's function must also satjsfy the causality principle, 
which. implies that no response should reach the observer before the pulse has 
been released 

G= 0, 
8G 

0 for t $ T. (5.14) 

The Green's function also has an important property which is the reciprocity 
relationship (Morse and Feshbach, 1953) 

G(x,tlY',T) = G(y,-Tlx,-t). (5.15) 

A solution 1/;(x, t) of the wave equation, at the observer's position, is found by 
considering the wave equation written in the source coordinates y with the time 
variable T 

12 ()2~(~,T) - a2~(~T) = Q(y,r), (5.16) 
G3 T Y; 

where Q is the source term, and the following expression 

_!_82
G(y,Tlx,t) _ 8

2
G(Y,Tlx,t) =8(.X Y)8(t-T), 

cg aT2 oyl (5.17) 

which can be obtained from equation 5.11 by using the symmetry properties of 
the Dirac generalized function (8(t - T) = 8(T- t)), the reciprocity relationship 
of the Green's function and interchanging the x and y coordinates and the t and 
T variables. Equation 5.17 multiplied by 1/J(y, T) is subtracted from equation 5.16 
multiplied by G(i,t!Y,T). The resulting equation is integrated with respect to 
the y coordinate in a control volume V and with respect to the variable T from 
To to t+ = t + t, with t a constant arbitrarily small, which yields, using equation 
5.12, 

1/;(x,t)= r+ r G(x,t)y,T)Q(fj,T)dfjdT J,,.0 Jv 

-~ lt+ 1 (c ()21/J(y, T) - ·'·(- ) ()2Q) d-d 
2 a 2 '// y, T a 2 Y T. 

G)ToV T T 
(5.18) 

The final solution is obtained by evaluating the volume and time integrals of the 
second and third term of the right-hand side of equation 5.18, respectively, by 
partial integration and using the causality principle 

1/J(x, t) = r+ r G (x, tlfi, T) Q(fi, T )dfjdT f,0 Jv 

- r+ f (1/J(y,T)f)Q -Go1f;(y,T)) n;dS(fi)dT 
fro ls oy; oy; 
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Figure 5.3: Definition of the normal vector ii of the surface S delimiting a control volume V. 

(5.19) 

the soluti9n is therefore a sum of three integrals representing the contribution 
of the sources, the. boundary eonditions and the initial conditions, respectively. 

5.4 General solution: Curie's formulation of 
Lighthill's analogy 

An example of the usefulness of Green's functions in solving aero-acoustical analo
gies is giveQby Curie's formulation of Lighthill's analogy (Curle, 1955; Crighton 
et al., 1992). By using the integral solution found in Section 5.3, the free-field 
Green's function and some approximations, a general solution can be obtained 
which takes into account sound production by the interaction of the flow with 
solid bodies. 

The general integral equation (equation 5.19) is applied to a volume V con
taining the entire fluid and which is delimited by a surface S possibly enclosing 
bodies in the flow and whose normal vector n is directed towards the interior of 
the control volume such as shown in Figure 5.3. The Green's function used in 
the solution is the free-field Green's function Go (Morse and Inga.rd, 1968) which 
represents the pulse response of an unbounded quiescent fluid 

0 (t - T - .!:. ) 
Go (x, tly, r) = "" , 

47rr 
(5.20) 
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where ,r is the distance between the observer's position i and the source position 

ii 
r =Ix-YI, (5.21) 

and which has symmetry properties with respect to time and spatial derivation 

(5.22) 

By replacing the source term Q(fl, r) in equation 5.19 by the right-hand side 
of Doa.k's formulation of Lighthill's analogy (equation 5.10), neglecting the effects 
of external forces and volume sources, the following expression is obtained 

t+ 1 fj2 
p'(x,t) = j G~ (pv;vi - T;j)dfldr 

-oo v uy,uy1 

l t+ 1 ()2 (p' ) + G- - - p' dfldr 
-oo v 8r2 ~ 

l t+ f (p'(y,r)~G -G0P~il'.r)) n;dS(fl)dr, 
-oo ls uy, y, 

(5.23) 

where the origin of time To was ta.ken at -oo in order to include the contribution 
of the initial conditions in the integrals. 

Since the Green's function is known exactly if we use the free-field Green's 
function G0 , it is convenient to move the spatial and time derivatives from the 
source term to Go by two successive partial integrations, which yields 

p'(x,t) 1
1+ 

1 02G 
(pv;vj - T;j) --

0
-dydT 

-= v oy;oyJ 

+ 2 - p' --;dydr l t+ 1 (p' ) 02G 
-oo v c0 OT 

+ Go ' 1 
'
1 

- (pv;vi - r;1 ) -- n;dS(Y)dr l t+ 1 ( 8 (pv v -r: .. ) aGo) 
-oo s ay, ay; 

-jt+ f (p'(y,t)~Go_G0 8P'~il~r))n;dS(Y)dr, 
-oo ls uy, y, 

(5.24) 

where the extra surface integral appeared because of the partial integration. By 
using the symmetry property of the spatial derivative of G0 , (equation 5.22), the 
double derivative over the source region can be changed to a double derivative 
performed at the observer's position. The surface integrals can also be simpli
fied by the use of the momentum conservation law (equation 5.3) and taking 
advantage of the symmetry property of the stress tensor T;j, which yields 

p'(x, t) = jt+ f (pv;vi - r;i) !:>82~0 dfldr 
-oo iv UXiUXj 
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+ - - p1 
--

0
dydT j t+ !. (1' ) 02G 

-oo v c5 ()t2 

j t+ ·1 : 8Go 
- (pv;v; - T;; - p1 li;;) ~n;dS(y)dT 

-oo S u~ 

l t+ i apv· 
- Go~n;dS(y)dT. 

-oo S UT 
(5.25) 

The spatial derivatives with respect to the observer's position ii of the first term 
of equation 5.25 can be moved out of the integral since the integration is per
formed over the source region of coordinate y. The time derivative in the last 
integral of this expression can be moved to the, Green's function by another par~ 
tial integration and then transformed into a derivative with respect to t by using 
the symmetry property of the time derivative of G0 • This derivative can then 
be moved out of the integral since the integration is carried out with respect to 
T. By using the definition of Go (equation 5.20) and applying equation 5.12, the 
following result is obtained 

' ( - ) _1 ()2 1 (pv;v; T;; )t. d-p x,t =---- '!I 411' ax;Ox; v r 

1 () L (pv;v; + p' li;; - T;; )t• dS ( 01\ +-- n· '!IJ 411' ax; s r • , (5.26) 

where t• t - (r/eo) and is called the retarded time. 
In the far-field approximation, the waves can be assumed to have a planar 

character 
r '.:::! lxl, 

0 1 Xi 0 
::::!eolxl8t. 

(5.27) 

(5.28) 

Neglecting variations in retarded time t• across the source region (compact source), 
equation 5.26 then becomes 

, (- ) x;x; 8
2 

[ ( . ) d-
p x, t :: 41l'lxl3cfi at2 lv pv;v; - T;; t• '!I 

1 ()2 [ (p' ') -
+ 411'lxl af1 lv cfi - P t• dy 

1 () [ 
- 47rlxl at ls (pv;)t. n;dS (Y) 
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Xj 01 1 ) s -) + 
1 
_

12 
,. (pv;vi + p O;i - T;j t• n;d (y . 

47r x Co ut S 
(5.29) 

The first volume integral represents sound production by Reynolds stresses and 
viscous dissipation. The second integral takes into account variations of the fluid 
entropy (due to heat transfer) or contrasts in the speed of sound between the 
observer's and the .source position. The first surface integral represents sound 
generation by volume injection through the surface of the body, as for example 
occurring as a result of pulsation of the body or of flow through a porous surface. 
Finally the last integral represents the effects of the net force on the body resulting 
from its interaction with the fl.ow and momentum transfer through the surface of 
the body. In certain conditions, these terms can be associated to physically simple 
quantities. For example, for a rigid non-porous body, the velocity v; = 0 on its 
surface S ("no-slip" condition in a viscous flow) and the last term of equation 
5.29 then corresponds to the force on the surface of the body at the instant t•. 

5.4.1 Free jets 

The breakthrough of Lighthill's theory was to correctly predict the scaling law of 
the sound fie!'d produced, in the far-field approximation, by turbulent isothermal 
subsonic free jets (see Figure 5.2a). A jet issuing from a nozzle is considered and 
the acoustic feedback resulting from the presence of walls and sound production 
from viscous stresses are assumed to be negligible (Obermeier, 1985). Other 
feedback mechanisms such as global hydrodynamic jet instabilities are assumed 
to be implicitly taken into account by the data available on the Reynolds stress, 
tensor. The acoustic field produced by the jet can therefore be approximated 
by the first integral of the general solution given by Curie's formulation of the 
Lighthill's analogy (5.29) 

'(- ) X;Xj {)21 ( ) d-
p x, t '.'.::::'. 1-13 2 !::> 2 . pv;Vj t• y. 47r x GJ ut V 

(5.30) 

The crucial point in Lighthill's formulation is that the very difficult task of 
estimating a source term 82 pv;Vj I oy;Oyj l which depends on the second spatial 
derivative of the velocity field in the source region, has been replaced by a global 
(integral) estimation of the Reynolds stress tensor and the relevant time scale 
o/ot. Lighthill's formal procedure is a subtle way to replace the direct estimation 
of retarded time variations in the source region with the estimation of a length 
scale in the far-field, which is equivalent to that of a time scale (Grighton.,1975). 
If we had we used the far-field and compact source approximations (r ~ Iii, 
t• = t lxl/eo) right from the beginning, we would have come to the conclusion 
that because an integral of the type 

f ({}2 pv;Vj) dfj = f opv;Vj n;dS(iJ) 
iv oy;oyi 1• ls oyi 

(5.31) 
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is zero when the sources vanish at .the boundary of the volume V; there is no 
sound produced! Equation 5.30 aIIows the derivation of a correct scaling law 
for the pressure p' from simple order of magnitude information on the flow. This 
information is specific to each type of flow and can be obtained from experiments, 
analytical consideratio~s or numerical simulations. Of course, if this information 
on the flow is detailed, an accurate estimation of p1 is also obtained. Such a 
use of Lighthill's analogy is described by Bastin (1994) and Mitchell (1994). In 
this section, -We will restrict burselves to the determination of scaling laws and 
consider the cases of circular a.nd planar jets. 

Lighthill assumed that at low Mach numbers sound by turbulence is produced 
in a small compact mixing region of length scale of the order of the jet diameter D 
near the nozzle exit. This is justified by the fact that sound production strongly 
depends on the fluid velocity and that the ]et velocity decreases rapidly as a 
result of momentum transfer to the surrounding fluid. Lighthill also supposed 
that sound is ma.inly produced by large vortical structures having a length scale 
of the order of the jet diameter D and characterized by velocity fluctuations of 
the order of the jet velocity U; at the exit of the nozzle. This is indeed supported 
by empirical information on circular free jets. The following approximations are 
therefore introduced in order to evaluate equation 5.30 

pv;vi ,...., poUJ, (5.32) 

a U· 
(5.33) - ,....,, --1... at D' 

V-D3
• (5.34) 

Using equations 5.30, 5.32, 5.33, 5.34 and neglecting the variations in the retarded 
time t* in the source region (t* = t-lxl/eo, compact source), the following scaling 
law is obtained 

I 'I 1 UJ 2 3 
P oc lxlc~n2PoU;D' (5.35) 

which yields 

(5.36) 

where (J) is the time averaged sound intensity and M = U;/eo is the Mach num
ber of the jet. Equation 5.36 is the famous Lighthill's 8-th power law which has 
been extensively verified. In his original development, Lighthill also introduced 
a directivity factor due to Doppler shift, which has been neglected here because 
of the low Mach numbers considered (M = 0(10-1 )). Equation 5.36 shows that 
turbulence in free space is a very inefficient sound generating mechanism which 
depends dramatically on the jet velocity. Among the various approximations 
leading to this result, the characteristic frequency of the radiated sound was esti
mated to be of the order of uj ID. This assumption implies that the amplitude of 
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Figure 5.4: Normalized pressure Pn = 10log{i2 [p5U/M4(D/r)2J- 1 ) measured at right angle 
and at a distance r from a turbulent circular free jet as a function of the Strouha.l number 
StD = f D/U; (after Goldstein (1976)). The bar indicates an average over time. 

the noise source shbuld display a Strouhal number dependency with a maximum 
located at a Strouhal number Stn = J D/U;, where J is the frequency, of the 
order of unity. This Strauhal.number dependency of the source has been verified 
experimentally (Goldstein, 1976) as shown in Figure 5.4. 

Using a statistical representation of the source term in equation 5.30, Bj¢rn¢ 
and Larsen (1984) obtained a similar 8-th power law in the case of planar jets 
(see Figure 5.2c) of height h ·and width· H (h << H). The spectrum of the noise 
intensity dl/dSt (Sth = Jh/Uj), emitted at right angle, which they obtained is 
given by 

( 5.37) 

where K 4 (St) is a dimensionless function of the Strouhal number only. Note 
that this M 7 scaling law, obtained when considering the spectral density of the 
source at a certain Strauhal number is equivalent to an .M8 law obtained when 
considering energy production on the whole spectrum. The J(4 (St) function was 
determined experimentally by the authors for different slit geometries (10-3 < 
h/H < 10-1

) and subsonic Mach numbers (0.5 < Ui/C-O < 0.9) and is .shown 
in Figure 5.5. The function displays a maximum located at a Strouhal number 
Sth ~ 0.03. In the case of typical organ and recorder geometries, this indicates 
a maximum sound power radiated by turbulence in the range 0.5 kHz < J < 
15 kHz. Since this is in the audio range, the turbulence noise produced by 
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Figure 5.5: Strouhal number St,. f h/U; dependency of the sound production by turbulent 
planar free jets (from Bj~rn~ and Larsen (1984)). 

the jet is expected to significantly affect the timbre of the instrument. This 
Strouhal number dependency of the noise source is very different from that found 
for circular jets. Sound is therefore radiated by a planar jet at characteristic 
frequencies much lower than in the case of a circular jet. 

The maximum of sound production (Sth '.::::'. 0.03) appears to be related to the 
maximum of amplification of a sinusoidal jet oscillation of an infinite frictionless 
parallel flow having a Bickley velocity profile ( U0 (1/ cosh2(y/b)), where U0 is the 
jet centerline velocity, y is the distance from the jet centerline and b a width 
parameter). The spatial instability mode amplification coefficient of such a jet 
was calculated by Mattingly and Criminale (1971) and is shown in Figure 4.11 
as a function of the Strouhal number. The maximum instability of such a jet 
occurs at a Strouhal number (based on the angular frequency and the half-width 
parameter b of the jet) of Stb = wb/ U0 '.::::'. 0.25 , where w is the angular frequency, 
which corresponds to a Strouhal number Sth (based on the frequency and the 
jet height h) of the order of Sth = fh/Uo '.::::'. 0.05 when assuming a uniform jet 
velocity profile at the flue exit (implying a value of the parameter b equal to 
0.75h, as will be discussed later), which is close to the value measured by Bj~rn~ 
and Larsen. The dominance of such modes for planar jets has also been found 
in the experimental studies of Sato (1960). Tam (1995) also explains the sound 
production of supersonic jets in terms of spatial instability modes. 

A major difference between planar jets and circular jets is that the most 
unstable mode of a circular jet corresponds to a varicose (symmetrical) rather 
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Figure 5.6: Influence of a cylinder on the radiation of a line quadrupole. a) Images of an 
individual line source placed near a cylinder; b) images of a quadrupole placed near a cylinder. 

than a sinusoidal (anti-symmetrical) movement of the jet. This partially explains 
the relatively low value of the dominant frequency of a planar jet (Sth = f h/UJ '.:::'. 
0.03) compared to that of a circularjet (StD = 1). 

5.4.2 Interaction of free jets with bodies 

Turbulence in free-field conditions generates a quadrupolar sound field, which 
is very weak at low Mach numbers ( (/) ex M 8

). Sound production is greatly 
enhanced by the presence of bodies in the flow (see Figure 5.2b). This is easily 
observed when placing a finger in front of the mouth when blowing. This can 
be explained .in terms of the images of the sources in the bodies which trans
form the weak quadrupolar sound sources from turbulence into more efficient 
dipolar sound sources. This change in the character of the source can be under
stood qualitatively by applying the method ofimages (Milne-Thomson, 1968) to 
a quadrupole placed near a cylinder such a.s shown in Figure 5.6. The images 
corresponding to a an individual line source placed at a distance r from the axis 
of a cylinder of diameter d are a source and a sink of strength equal to that of 
the original source placed inside the cylinder such a.s shown in Figure 5.6a. The 
image source is located at a distance r' = <fl /4r from the axis of the cylinder 
while the sink is on the axis. The source distributfon obtained by applying the 
same method to the individual sources of a quadrupole placed near a cylinder is 
shown in Figure 5.6b. The image dipole near the centre of the cylinder is very 
weak since its sources are close together. The second image dipole is stronger, 
but it forms a weak quadrupole with the first dipole outside the cylinder. The 
dominating term is therefore the remaining dipole farther from the cylinder. The 
smaller the diameter of the cylinder, the more pronounced is this transformation 
in the nature of the source from a quadrupole to a dipole. This implies that a 
sharp edge placed in a flow is very effective at enhancing the turbulence noise. 
Meecham (1965) used this simple method to discuss the influence of the wall 
curvature on the sound production by turbulent boundary layers. 
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In Curie's general solution of Lighthill's analogy (equation 5.29), the fourth 
integrals takes into account sound generated by the interaction of the flow with 
bodies. Assuming a rigid and impermeable body maintained in a fixed position, 
which implies that the velocity (v;) vanishes on the surface of the body, this term 
can be written 

p' (x, t) = 41l"l~l 2l-O ! h (p')t• n;dS (ii), (5.38) 

where the surface integral is taken over the surface of the body. Viscous ef· 
fects have been assumed to be negligible in view of the relatively high Reynolds 
numbers typical of sound producing flow. Neglecting retarded time, the surface 
integral of the pressure represents the instantaneous force F; provided by the 
body and acting on the flow, it therefore has a dipolar character. Taking as an 
upper limit the force necessary to bring the jet to rest on the body in a quasi· 
stationary process, the following order of magnitude is obtained in the case of a 
cylinder 

(5.39) 

where dis the diameter of the cylindrical body and D the jet diameter. By using 
equations 5.33 and 5.39 , equation 5.38 can be approximated by 

which yields 

I 'I PodUj 
P oc lxl l-0 , 

3 d 6 

( )

2 

(J) oc Poco lxl M . 

(5.40) 

(5.41) 

By comparison with the case of a free jet, the intensity (J) of the produced noise 
has been increased by a factor M- 2• This implies that a large object such as 
the labium of a recorder will strongly enhance noise production by the jet. As 
explained in terms of the method of images, the sharper the edge, the stronger 
the effect. In recorders, the edge of the labium is very sharp in order to increase 
the generation of high harmonics (see discussion of Chapter 2). The level of 
turbulence noise is nevertheless low in normal playing conditions since the jet is 
laminar. In large flue organ pipe, the jet is turbulent which produces a strong 
noise. In order to reduce the enhancement of this noise by the labium, organ 
makers usually round its edge. On some pipes, this effect is obtained by placing 
leather on the edge of the labium. 

The edge-tone 

For low Mach numbers, the dipolar sound source associated with the interaction of 
the flow with a body becomes much more important than the quadrupolar sound 
source due to turbulence in the bulk of the flow. An interesting confirmation of 
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this phenomenon was proposed by Powell (1961) in the case of the edgetone (see 
Figure 5.2d). 

In this configuration, the compact body is a sharp edge placed in the jet 
at a distance W from the exit of the nozzle. This configuration enables the 
maintenance of auto-oscillations at a definite frequency (typically wW/Ui = 0(1) 
in an edgetone configuration) by inducing an hydrodynamic feedback. A surface 
wrapping the edge and the nozzle is defined and the far-field approximation of 
Curie's solution (equation 5.29), is applied to the fluid. Neglecting the effects of 
entropy changes in the flow one obtains 

'(-) X;Xj .0
2 

{( ) a-
p x, t ~ 47rc51il3 i)t2 lv pv;v; - T;; t• y 

- 47r~.il ! ls (pv;\. n;dS(y) 

+ 47rl~2Co ! ls (pv;Vj + p1
8;j - T;;),. n;dS(y). (5.42) 

This expression is simplified by assuming that the surfaces are rigid and imper
meable ( v; 0), that the flow is steady at the exit. of the nozzle, that the viscous 
effects in the flow and on the sudaces are negligible (high Reynolds numbers) 
and that there are no reflecting sudaces (free-field conditions), which yields the 
following expression 

X; 8 { I dS(-·) 
+ 47rlxl2eo otls p n; y . (5.43) 

The second integral fs p'n;dS(y) represents the instantaneous force F; provided 
by the edge and will be apprpximated by equation 5.39 with the circular jet 
diameter D replaced by the planar jet width h. Using equation 5.32 and the 
following approximations 

{)t l'V w, 

V,...,hHW, 

IF;! "'?rhH PoVJ, 

(5.44) 

(5.45) 

(5.46) 

where Wis the distance between the flue exit and the edge of the labium and w 
is the angular frequency of the edge-tone oscillations, the following expressions 
are obtained 

(5.47) 
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Figure 5.7: Measured force Fon the labium of an edgetone configuration (bold line) and 
calculated force deduced from far.field acoustic measurement (dashed line) (from Powell {1961) 
). 

and 
Xj r I PoU}whH 

47rlxl2eo JsP n;dS(i!) :::::'. Slxleo . (5.48) 

The right-hand term of equation 5.47 is negligible compared to that of equation 
5.48 if 

2wW 4W 
--=-<l, 

?rCo ). 
(5.49) 

which is equivalent to assuming a compact source. In the case of typical edge
tone configurations with a low subsonic jet velocity (M = UJ/Co < 1 ), this 
assumption is certainly justified because wW/Uj = 0(1). This means that the 
dipolar sound source associated with the interaction of the jet and the edge 
will be much more important than the quadrupolar source in the flow and will 
dominate the sound production. This was proved experimentally by Powell (1961) 
who measured the amplitude of the oscillating force on the edge by means of 
piezoelectric transducers supporting the edge and compared it to that deduced 
from far-field pressure measurements when assuming a dipolar sound source at 
the edge. These results are reproduced in Figure 5.7 and the two curves are seen 
to be remarkably close. This specific result is quite important for our study, since 
the configuration (W/h 4.5) and the Reynolds number range used by Powell 
are quite similar to those found in a recorder. 
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5.4.3 Confined jets 

In the previous section, the presence of bodies was seen to drastically affect 
the sound production by free jets. In the case of confined jets, the presence of 
walls has a similar influence on the sound production by the jet. A significant 
enhancement of the radiated sound intensity is obtained compared to the case 
of free-field conditions. In this section, jets confined in a pipe of infinite length 
and cross-section Sp will be considered. Dominant frequencies will be assumed to 
lie below the cut-off frequency of the pipe, which allows the use of a plane-wave 
approximation to describe the far-field acoustic flow. The axis of the pipe will be 
assumed to be in the x1 direction. 

A general 8olution, similar to that obtained in the case of a free jet, is ob
tained by replacing the free-field Green's function Go in equation 5.25 by the 
one-dimensional Green's function Gi, both functions having the same symmetry 
properties with respect to time and spatial derivative. This Green's function is 
obtained by ·considering a low-frequency far-field point source in the pipe and 
integrating the contributions of all the images due to the presence of the walls 
(Morse and Feshbach, 1953). The point source can be smeared out uniformly 
over the pipe cross-section yielding 

Gi(x, tjy, r) = ~p 1: 1: Go (x, tli, r) dy2y3 

= 2~/{ ( t - T - "---__..;;_-'- (5.50) 

where 1-{ is the Heavyside function. This time dependency can be understood 
by the fact that although the contribution of the spherical wave associated with 
every source point decays as 1/r, the number of contributions reaching at the 
same time t the observation point increases linearly with r, which compensates 
the decay of individual sources. A similar use of the method of images can be 
applied to other type of elementary sources in order to understand qualitatively 
their enhancement when they are confined in a pipe. 

By using the following expressions 

(5.51) 

(5.52) 

and equation 5;25 with G0 replaced by G1 , and by applying the filter property of 
the Dirac delta function (equation 5.12), the following formal solution is obtained 

p'(x1,t) = 
25

1 
8
8 f [(pv~ -r11)sign(x1 -y1)] .dy 

p X1 }v t 
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eo a 1 (p' ') a-+-- --p y 
2S.,, at v ca . 1• 

- 2~.,, ls (pv1)1• nidS(if) 

- 2~ ls [ (pvi- T11 - p') sign (xi -yt)Ji_ n1dS(iJ). 
'P 

(5.53) 

In the far-field approximation 

(5.54) 

a sign(x1) a 
ax1 ~ eo at' (5.55) 

and equation 5.53 ca.ti be written as 

p1(x1. t) ~ 2Sl ~ r (pv; - T11) diJ 
' .,,Co vt lv t• 

Co a 1 (p' ') d"" +-- --p y 
2S.,,at v cfi 1, 

- 2~.,, ls (pv1)1• nidS(iJ) 

sign(xt) { ( 2 . ') _ 
- ZS ls pv1 - Tu - p t• nidS(y). 

'P 

(5.56) 

This expression is now applied to th~ case of a free jet and an edgetone configu
ration in an infinite pipe. 

Turbulent jet in an infinite pipe 

The case of a subsonic circular turbulent jet of diameter D blowing in an infinite 
pipe of cross-section S.,, was first investigated by Ffowcs Williams (1969) and is 
now briefly reviewed (see Figure 5.2e). Since the Green's function G1 is tailored 
on the pipe walls, the two surface integrals of equation 5.56 disappear. Neglecting 
the effects of entropy changes and viscous stresses, the solution is given by 

(5.57) 

Assuming D <·JS.,,. and using the approximations given by equations 5.32, 5.33 
and 5.34, the following scaling law is obtained 

I 'I poD2 u3 
p ex: s J' pCo . 

(5.58) 
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which yields 

(5.59) 

Recently van Herpe and Crighton (1994) have obtained, from numerical. calcu· 
lations using a K - t turbulence model, a scaling law varying between M 6 and 
M 1 , depending on the value of the Reynolds number due to the relatively low 
Reynolds numbers considered. Since in a recorder the Reynolds numbers involved 
are rather low, one would also expect such an effect. ' 

Edge-tone in an infinite pipe 

In Section 5.4.2 the presence of objects in the flow was seen, in free-field condi
tions, to increase the sound production by turbulent jets. The same conclusions 
can be obtained by considering an edgetone configuration in an infinite pipe (..see 
Figure 5.2f). This configuration is the closest to the geometry of a recorder-like 
instrument that can be treated analytically. The general solution is given by 
·equation 5.56 where the surface integrals are non-zero on the surface of the edge. 
Assuming a plane jet and the edge to be fixed (v1 :;;: 0) and neglecting the effects 
of entropy changes and viscous stresses, the following expression is obtained 

p'(x1, t) c:= 25~co ! Jv (pv?)
1
• dy -

1 Js (p')1• n1dS(y), (5.60) 

where S is the surface of the edge. The second integral represents the force on 
the flow provided by the edge and will be estimated by equation 5.46. By using 
equations 5.32, 5.44 and 5.45, one finally obtains 

1 {) 1 (. 2) ~ wpoUJhWH --- pv dy c:= --~--
2S,,co EJt v 1 

1· · 25,,co 
(5.61) 

and 

(5.62) 

The right-hand term of equation 5.61 .is negligib:e compared to that of equa
tion 5.62 if, as did Powell in the case of the edgetone in free-field conditions, 
assume the source to be compact 

47rW 2wW 
--=--«L 

,\ co 
(5.63) 

.This assumption is justified in a low-frequency approximation. In these condi
tions, the sound source at the edge can be represented by a dipole, which yields 
the following scaling law 

3 hH 4 

( )

2 

(I} ex PCO S,, M . (5.64) 
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Figure 5.8: Measured sound pressure p' (in dB rel 20µPa) radiated by a turbulent jet in a 
pipe (bold line) as a function of the Ma.ch number M (from Stahl (1987)) and comparison with 
a M 2 dependency (dashed line) and a M 3 dependency (dashdot). In Stahl's experiment, the 
jet was obtained by placing a diaphragm in the pipe. 

In different geometries, this dipolar behavior of the sound source may b.e less 
clearly defined. An interesting transition between the behavior of a confined jet 
blowing in an infinite pipe and that of a jet interacting with a. body is displayed in 
Stahl's experimental measurements reproduced in Figure 5.8 (von Stahl, 1987). 
In the geometry he considered, the jet is formed by the presence of a. diaphragm 
placed in a pipe. At low Ma.ch numbers, the interaction of turbulence with the 
walls of the diaphragm is dominant and the source displays a. dipolar character 
represented by a M 4 dependency. This Mach number dependency is predicted 
theoretically by van Herpe and Crighton (1994). Above a certain critical Mach 
number (in this experiment M ::::::: 0.25), the effects of qua.drupolar sources in the 
bulk of the flow become dominant and the intensity of the sound radiated by the 
source displays an M 6 dependency. Note that Micha.Ike (1989) deduces a shift 
from a M 3 to a M 5 dependency, which is in fact equivalent, since he considered 
the spectra.I density of the sound production at a single Strouha.l number rather 

·than integrating the spectral density over the whole spectrum as in Stahl's results. 

The results of sections 5.4.2 and 5.4.3 have shown that, at low frequencies, the 
sound production resulting from the interaction of a turbulent jet and a compact 
edge should be dominated by the force provided by the edge and acting on the 
flow. In the case of a non-compact edge in free-field conditions, an intermediate 
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behavior between that of a dipole and a monopole is found. This occurs in the 
case of the boundary layer trailing edge of an airplane (Goldstein, 1976). The 
turbulent jet in a recorder-like geometry is therefore expected to display a di polar 
character and to scale with the blowing pressure P! = p0 UJ /2. Furthermore, 
because of the confinement by the pipe walls, the intensity of the sound in the 
pipe should scale with M 4 • Due to the w2 dependency of .the radiation from the 
pipe end, a M6 dependency is expected at low frequencies (if the pipe resonances 
are not taken into account) for an observer located outside the pipe. The situation 
is however further complicated by the finite length of the pipe which induces 
resonances and the fact that the instrument is usually played at low Reynolds 
numbers which might strongly affect the nature of the sound source. In the next 
section, these assumptions will be verified on measurements performed on an 
experimental recorder-like organ pipe. 

5.5 Turbulence noise in a recorder-like instru
ment 

Flow visualizations of the jet in a recorder-like experimental flue pipe have been 
presented in Chapter 2 and show that the nature of the flow in the mouth of 
the instrument is strongly dependent on the driving pressure P!· For driving 
pressures below 60 Pa the flow is laminar. This driving pressure corresponds 
to a jet velocity Uj of 10 m/s and a Reynolds number (based on the flue exit 
height h) of approximately 700. When the jet velocity is increased, the coherent 
two-dimensional structure of the jet is destroyed after it has reached the labium 
and the flow then becomes turbulent. The Reynolds number is therefore high 
enough for the jet to develop into turbulence but only after a certain delay or 
having interacted with the edge of the labium. Because of the jet oscillations, 
puffs of turbulence appear periodically on each side of the labium and the noise 
is therefore expected to display a pulsating (intermittent) character. When the 
Reynolds number reaches a value of approximately 3000 (a jet velocity of about 
45 m/s corresponding to a driving pressure of 1200 Pa), the jet is already fully 
turbulent at the flue exit. The turbulence noise is then expected to be less 
dependent on the acoustically driven jet oscillations. 

In real instruments, the importance of the noisy component in the tone is 
therefore expected to vary greatly depending on the playing conditions. In .Fig-. 
ure 2.4 in Chapter 2, the Reynolds number at the flue exit was presented for a 
wide variety of recorders and was seen to lie within the range 1000 < Re < 2000 in 
typical playing conditions. The oscillating jet therefore always remains laminar, 
at least until the labium has been reached. Apparently, this family of instru
ments has been optimized so that turbulence only plays a secondary role. For 
the Boehm flute (Boehm, 1871), the blowing pressure, the shape of the jet and 
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hence the Reynolds number, depend strongly on the mode excited. Turbulence 
noise is negligible when playing low registers, but is very characteristic of high 
registers. Turbulent noise is also extensively used in some contemporary playing 
techniques (Castellengo and Fabre, 1994). In some other flute-like instruments, 
such as the Japanese Shakuhachi, turbulence noise can be very loud and consti
tutes a fundamental component of the tone (Castellengo and Fabre, 1994). In 
flue organ pipes, the great variety of pipes geometries and driving pressures is 
such that it results in a wide range of Reynolds numbers. Organ pipe tones can 
be very pure but in other cases such as in romantic organs, the Reynolds number 
has a value well above 3000 and turbulence noise then becomes very characteristic 
of the tone. 

The objective of this section is to present noise power spectra measured on 
an experimental pipe having a typical recorder geometry and to determine the 
corresponding turbulence noise source. The particular mouth geometries of real 
instruments do not allow an exact mathematical formulation of the problem and 
one is therefore limited, in analyzing the measurements, to a comparison with 
the simple standard cases discussed in the previous sections. These results must 
however be used carefully when dealing with musical instruments. Indeed, they 
were obtained by assuming fully turbulent high Reynolds number flows (under the 
assumption that viscous stresses were negligible). This assumption, as was just 
discussed, is however not always valid for musical instruments where Reynolds 
numbers involved in playing conditions often lie near the laminar-turbulent tran
sition. A strong dependency of the noise source on the Reynolds number is 
therefore expected. Another problem that arises is the fact that the jet, in real 
instruments, is confined in a pipe of finite length .. This means that the jet is 
submitted to a strong acoustical feedback from the resonator, resulting in the 
maintenance, by the turbulence source, of complex chaotic auto-oscillation loops, 
which makes more difficult the interpretation of measured noise spectra. Another 
difficulty arises from the fact that in recorder-like instruments, the turbulence is 
generally induced by thin planar jets for which much less information is available 
than for circular jets. As turbulence in a planar jet appeared to be dominated 
by rather low frequency oscillations of the jet, one could expect that this "tur
bulence" is better described by a deterministic (chaotic) feedback system rather 
than, as in high Reynolds number jets, by a statistical model. 

5.5.1 Experimental procedures 

Power spectra were measured on the same experimental pipe as that described in 
Chapter 3. The pressure signals were measured using acceleration-compensated 
piezoelectrical gauges (type PCP 116 A) connected to charge amplifiers (Kistler 
type 5007 with a bandwidth extending between 0.1 Hz and 22 kHz). The pressure 
gauges were mounted flush in the walls of the pipe and located at positions x3 = 
50.25 mm (end of the pipe), x2 = 141.17 mm (middle of the pipe) and x1 = 277.80 
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41.5 

Figure 5.9: Geometry of the muffler placed at the end of the experimental flue pipe in order 
to damp the longitudinal oscillations of the pipe (dimensions in cm). The muffler was made 
from Mavopreen foam. 

mm (under the labium) from the passive end of the pipe. The pressure signals 
were transfered for analysis to a HP 35658 data acquisition system. Using FFT 
analysis (3200 points, Hanning window, 50 averages), average power spectra were 
obtained. Measurements were performed for a wide variety of driving pressures 
and two different labium positions relative to the flue exit axis. In the first 
case, the labium was placed flush relative to the lower wall of the flue exit. 
In this position, the pipe could sound normally. For certain measurements, a 
muffler made from Mavopreen foam was placed at the end of the pipe in order to 
damp out the auto-oscillations and isolate the turbulence noise. The dimensions 
of the muffler are shown in Figure 5.9. Its acoustical properties are shown in 
Figure 5.12 and were measured by means of a two-microphone technique. In the 
second position, the labium was placed 2.0 mm above the lower flue exit wall. In 
this position the pipe could not sound and therefore only turbulence noise was 
measured. In all cases, the ratio of the distance W between the flue exit and the 
edge of the labium and the height h of the channel was adjusted to 4, which is 
typical of recorders (see discussion of Chapter 2). 

5.5.2 Determining the turbulence noise source 

Turbulence noise is characterized by a broad-band spectrum. When confined in 
a pipe of finite length, such a noise source will be "colored" by the resonances 
of the pipe. Power spectra measured at three different positions in the pipe and 
obtained with the labium aligned above the flue exit such as shown in Figure 5.10 
exit are shown in Figure 5.lla, b and c for different driving pressures and mea
surement positions. In this configuration, the pipe can not sound and therefore 
only turbulence noise is measured. The spectra strongly depend on the jet veloc
ity and display maxima at frequencies corresponding to the passive resonances 
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Figure 5.10: Jet blowing under the labium in the experimental flue organ pipe. In this 
configuration there is no pipe tone and only turbulence noise is measured. 

of the pipe. This is illustrated by the fact that, contrary to auto-oscillations, the 
maxima lie at the same frequencies for, different driving pressures. In this section, 
the simple one-dimensional model that was already used in the previous chapters 
(see Figure 4.12 in Chapter 4) will be used to dedi.::ce a noise source that could 
generate these spectra when placed in the mouth of the instrument. 

In this representation, the source is modeled by a pressure dipole, equivalent 
to a. pressure jump of amplitude 6.p, located in the pipe of length 6m (the "end 
correction") representing the mouth of the instrument. The pressure and flow p11 
and Q,, in the resonator are given, in the frequency domain, by 

(5.65) 

Q,, =< ~c (ae-•kx - be'k"') e""1
, (5.66) 

where "" denotes a complex amplitude, a and b are constant, Zc is the char
acteristic impedance of the pipe (Z = pressure/volume flow), k is a complex 
propagation constant, x is the propagation axis, w is the angular frequency and t 
is time. At the interface between the mouth of the instrument and the resonator 
(x = 0), the following relationships hold 

(5.67) 

and 
(5.68) 

which yield 
• Z,,6.p ( 

PP = z,, _ Zm, 5.69) 

where Zm and z,, are the impedances in the mouth and the pipe respectively. 
The value of the mouth end correction 6m was obtained in Chapter 3. The visco
therrnal losses were taken into account by using the following complex propaga-
tion constant (Polack et al., 1987) . 

k w ( ' ')~a: = - + 1-;. --, 
Co 2 r,, 

(5.70) 
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Figure 5.11: Pressure spectra of the turbulence noise p1 (in dB rel 20µPa) measured for two 
different driving pressures PJ (980 Pa: lower curves; 3920 Pa: upper curves) at three diffarent 
positions: a) under the labium (xi); b) in the middle of the pipe (z 2 ); c) at the end of the pipe 
(za). The labium was aligned above the flue exit in order to prevent the maintenance of a pipe 
tone and the ratio W/h was adjusted to 4. 
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where a is given by equation 3.32 and rp is the ra.dius. of the pipe. The re
flection coefficient of the pipe was determined experimentally. Its modulus and 
corresponding end correction a.re shown in Figure 5.12 a.nd a.re compared to the
oretical values given by Levine and Schwinger (1948) for an unflanged circular 
pipe. Note the rapid va.riatioh of the modulus IRI of the reflection coefficient mea
sured with a muffier at kr,. close to 0.1. This is due to the qua.rter-wavelength 
resonance of the muffier and implies a very long end correction. Since this end 
correction could not be measured accurately, calculations of the model response 
witli a muffier are not expected to be accurate for kr,. < 0.2 (!kHz for our ex
perimental pipe). Using equations 5.65, 5.66 and 5.69, the constants a and b 
can be determined, which enables the calculation of the pressure at any point in 
the pipe, in the plane-wave approximation, for a given pressure source 6p and a 
given frequency. 

Pressure responses obtained with this model a.re shown in Figures 5.13 a, band 
c, as a function of frequency for a pipe having the same dimensions as that of the 
experimental pipe. The responses were calculated for points corresponding to the 
position of the pressure gauges in the experimental pipe. As a limit case, one can 
validate the behavior of the model by calculating its response at high frequencies. 
In these conditions the reflection coefficient at the ra.diating extremities of the 
model tends towards zero and the modulus of the impedances Zm and z,. should 
tend towards the characteristic impedance Zc = p0 eo. This implies that the 
modulus of the pressure response Pp in the resonator, for a ratio Sp/ Sm between 
the surfaces of the pipe and the mouth equal to 4, should tend towards a value of 
6p/5. For a source 6p having an amplitude of 1 Pa, this corresponds to a value 
of -13.9 dB, which agrees with the responses shown in Figure 5.13. 

Globally the frequency responses shown in Figure 5.13 show some similarity 
with the measurements of Figure 5.11. However, these responses were obtained 
with a white noise pressure source. In reality the source va.ries with frequency and 
the jet velocity. The idea, in order to determine the noise source, is to follow the 
evolutio\l of the amplitude of the measured spectra with frequency and driving 
pressure.land to determine the amplitude 6p of the pressure source that would 
result (when implemented in the simple one-dimensional model) in the measured 
values. 

It is important to note that this method implies two assumptions on the nature 
of the source. First, the instrument model infers that the source is a dipole. This 
assumption is justified by the results of sections 5.4.2 and 5.4.3 which showed that 
the interaction of a jet with an edge is likely to display a dipolar character. The 
second assumption is that the noise source is not correlated with the acoustic 
field of the resonator. This means that the effects of feedback from the pipe, 
which might affect the source, are implicitly included in the definition of the 
noise source. Chaotic behavior controlled by an edgetone or acoustical feedback 
s.hould not be included in the noise source, since they should be induced by the 
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Figure 5.13: Pressure response Pp of the pipe (in dB rel l Pa), as a function of frequency, 
of the one-dimensional model with a pressure source .6.p having an amplitude of l Pa over the 
whole spectrum placed in the mouth of the instrument: a) under the labium (z1); b) in the 
middle of the pipe (z2); c) at the end of the pipe (:1:3). 
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deterministic jet oscillation model. 

Jet blowing below the labium 

Typical pressure sources deduced from measurements performed at the passive 
end of the resonator and under the labium are presented in Figures 5.14 and 
5~ 15, as a function of the Strouhal number Sth for various driving pressures. 
For these measurements, the labium was placed above the jet and therefore only 
turbulence noise was obtained. Each of these curves corresponds to a given 
driving pressure and the variation in Strouhal number is obtained by recording 
the value of the noise amplitude at different frequencies. Maxima were chosen 
s}nce they were easy to locate on the spectra and are more likely to emerge above 
the electronic noise leveL For driving pressures below 390 Pa, it was not possible 
to determine the noise source since the noise associated with turbulence could 
not be distinguished from the background noise over a wide enough range of 
frequencies. Similar results were also obtained from measurements performed at 
the middle of the pipe, but these are. not shown here. The sources could not be 
determined accurately at this position since, because of rejection (pressure node), 
the even harmonics could not be measured with a satisfactory precision. 

The sources presented in these graphs lie on curves displaying some specific 
patterns for a wide range of driving pressures. This dimensionless representa
tion therefore appears to grasp some general properties of the noise source. All 
the sources display a steep increase and decrease in amplitude around a specific 
s.trouhal number indicating that noise is principally produced in a narrow band 
of Strouhal numbers. Some curves present a second increase in amplitude. This 
phenomenon appears to be due to the presence of the pipe (jet confinement) and 
will be discussed later. The bell-shaped portion of the curves is first discussed. 

The fact that noise production is dominant at certain Strouhal numbers sug
gests that noise production could be linked to specific movements of the jet. It 
is a classical idea in turbulence modeling (Tam, 1995), that noise production by 
turbulence at low frequencies, can be related to instability waves of unbounded 
frictionless jets predicted by linear theory. Indeed, as discussed in Section 5.4.1, it 
appears,that the jet is. very sensitive to feedback ai Strouhal numbers correspond
ing to that of maximum natural instability of the free jet, thereby enhancing the 
formation of turbulent structures in the flow at those specific Strouhal numbers 
(Sato, 1960). 

The calculated noise sources display a maximum amplitude for values of the 
Strouhal number shifting from approximately 0.08 to 0.03 as the blowing pressure 
is increased. The value found for high driving pressures is very close to that found, 
for free unconfined planar jets, by Bj0rn0 and Larsen (1984) (Sth = fh/Uj ~ 
0.03) and presented in Figure 5.5. Note that in their work, Bj0rn0 and Larsen 
used a short flue channel (15 mm) having a height of l.5mm and. high jet velocities 
(174 m/s $ [/j S 272 m/s) which implies a fully turbulent jet at the flue exit and 
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Figure 5.14: Amplitude of the turbulence noise source Ap calculated from measurements 
made under the labium (z1) as a function of the Strouhal number Sth = fh/U;: a) driving 
pressure PJ = 400 Pa (solid line), 690 Pa (dashed), 800 Pa (dotted) and 980 Pa (dashdot); b) 
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consequently a uniform velocity profile. For low blowing pressures, the maximum 
noise production appears at higher values oft he Strotihal number ( Sth = f h/ Ui ~ 
0.08): . 

The amplification coefficient of a plane jet having a Bickley velocity profile 
(U;(y) = U0(1/ cosh2(y/b)) was discussed in Chapter 4 and appeared to display a 
maximum instability at a value of the Strouhal number Stb = wb/Ui '.'.:::'. 0.25 (see 
Figure 4.11), where w is the angular frequency and b the half-width parameter of 
the jet. As discussed in Chapter 4, the value of the parameter b is related to the 
velocity profile of the jet at the flue exit. Its value can be calculated. by assuming 
, because t.here is no force acting on a free jet, that the momentum flux 

J =Po L: UJ(y)dy, (5.71) 

where y is an a.Xis perpendicular to the flue exit axis, is conserved along the 
jet. The momentum flux calculated for .a given jet velocity profile at the flue 
exit can then be matched to that of a jet having a Bickley profile, which is 
assumed futther downstream. It is further assumed that the jet centreline velocity 
U0 , calculated with the Bernoulli formula ( J2!:ip/ p0 , where l:::.p is the pressure 
difference between the entrance a.rid the exit of the flue channel) remains constant 
along the jet. For a Poiseuille jet velocity profile at the flue exit, which can be 
expected at low flow v.elocities because of the straight geometry of the flue channel 
of the experimental pipe used for the measurements, this parameter b has a. value 
of 0.4h where h is again the height of the flue canal. In the notation of Figures 
5.14 and 5.15 this corresponds to a value of the Strouhal number Sth = J h/Ui 

· of approximately 0.1. At high blowing pressures (when Reh = hUi/v?. 6 x 103 , 

· where v is the kinematic viscosity of the fluid) the flow within the flue channel. 
is turbulent, which results in a uniform jet velocity profile at the flue exit and a 
value of the half-width parameter b of 0. 75h .. In these conditions, a jet having 
a Bickley velocity profile should display a maximum instability at a Strouhal 
number Sth = Jh/Ui -:::::: 0.05 which is dose to the value found experimentally. 
Therefore it seems plausiblE! that sound production by the jet could be related to 
the natural instability mode of a planar free jet. The shift in the location of the 
maximum of sound production could be linked to a change in the velocity profile 
of the jet from a Poiseuille profile at low jet velocities to a uniform velocity profile 
.at high blowing pressures. 

One should ·how~ver be .careful with this explanation since the shift of the 
· maximum sound production towards higher Strouhal numbers at low blowing 
pressures could also be related to an edgetone oscillation of the jet. Measurements 
by Blake and Powell (1983) show that for a mouth geometry similar to the one 
we used (a ratio 4 between the flue exit to labium distance W and the flue exit 
height h) the maximum instability of the first hydrodynamic mode of the jet in 
an edgetone configuration is located at a Strouhal number Sth f h/Ui ·~ 0.09. 
Even though the labium was placed above the jet for the measurements, it might 
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still be near enough to trigger an edgetone feedback loop. As the driving pressure 
is increased the jet could then become less sensitive to the presence of the labium 
and more receptive to its natural instability modes, which could also explain the 
shift in the maximum of sound production. 

The value of the amplitude of the pressure sources were made dimensionless 
by dividing them by p0UJ /2, which is proportional to the force provided by the 
labium and acting on the jet flow. This representation shows the dependency of 
the noise source amplitude on the jet velocity (or Mach number dependency) for 
a w.ide range of blowing pressures for both microphone positions. The amplitude 
of the calculated source appears to .be reasonably independent of the observation 
position. The assumption of a noise source having a di polar characteristic (implic
itly considered in the source representation in the simple one-dimensional model 
used for the calculations) therefore appears to be reasonable. This behavior of 
the source could be expected because of the proximity of the walls of the pipe 
and the edge of the labium. The slight variations of the value of the amplitude 
of the noise source observed as the driving pressure is varied could be explained 
by a change in the char<J,cter of the source or a Reynolds number dependency of 
the source. Unfortunately, in the presented experiments, the Reynolds number 
variations could not be distinguished from the Mach number variations since the 
height of the flue exit was kept constant. Further measurements, considering 
change in the instrument geometry, would therefore be necessary to determine 
with more accuracy this characteristic of the noise source. 

Although similar results are obtained .at both microphone positions, the am· 
plitude ofthe source deduced from measurements performed under the labium 
appears to be slightly higher than that deduced from measurements performed 
at the passive end of the resonator. This can be understood from the fact that, 
under the labium, the microphone is located in the near field of the source~ 

·In these conditions, in addition to propagating acoustic waves, the microphone 
detects evanescent modes and pressure fluctuations associated with vortical mo· 
tion. This latter component, called by Ffowcs Williams (Crighton et al., 1992) 
"pseudo-sound", does not propagate with the speed of sound but rather with the 
convective velocity of the vortices. For this reason, in the following analysis, only 
noise sources deduced from measurements at the passive end of the resonator will 
be considered. 

The different noise sources that have been presented display a steep amplitude 
decrease after a maximum has been reached. Instead of decreasing to a zero 
value, as was the case for the noise source measured by Bj0rn0 and Larsen (see 
Figure 5.5), the amplitudes of the sources then start increasing again as the 
St.rouhal number increases. This behavior can be understood by displaying the 
amplitude of the noise sources as a function of the frequency rather than the 
Strouhal number such as shown in Figures 5.16 and 5.17. In these graphs, it 
appears that the different curves all start rising for a second tiine at a frequency 
slightly above 5 kHz. This effect therefore seems to be more associated with a: 
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Figure 5.16: Amplitude of the turbulence noise source /:::,.p calculated from measurements 
made under the labium (zi) as a function of the frequency: a) driving pressure PJ 400 Pa 
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Figure 5.17: Amplitude of the turbulence noise source b.p calculated from acoustic pressure 
measurements made at the end of the pipe (x3 ) as a function of the frequency: a) driving 
pressure PJ = 400 Pa (solid line), 690 Pa (dashed), 800 Pa (dotted) and 980 Pa (dashdot); b) 
PJ = 1560 Pa (solid), 2200 Pa (dashed), 3920 Pa (dotted) and 6080 Pa (dashdot). 
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frequency dependency than a Strouhal number dependency. In fact it is quite 
surprising that the data present a better collapse when presented as a function 
of the frequency than as a function of the Strouhal number. This could be 
related to the fact that spectrum maxima, corresponding to pipe resonances, were 
considered. On the spectra presented in Figures 5.lla, b, and c, one can notice 
a strong oscillation at around 8.1 kHz which corresponds to the first transversal 
mode of the pipe (for this labium position). The width of this resonance appears 
to be very wide, especially on the measurements performed under the labium, 
where an enhancement of the noise level is clearly observed above 5 kHz. On 
the other two measurements the influence of this resonance only appears slightly 
below 8 kHz. 

The increase in the noise source amplitude after 5 kHz could therefore be 
caused by a chaotic behavior of an auto-oscillation loop between the jet and the 
first transversal mode of the resonator. In an accurate physical model, this effect, 
due to the confinement of the jet, should appear in a simulation model as a result 
.of a feedback loop rather than by an increase in the noise source amplitude (this 
will of course not occur if a one-dimensional model of the pipe acoustics is used). 
The influence of this effect in the far field even below the cut-off frequency of the 
pipe could be explained by the fact that although the evanescent mode can not 
reach the end of the pipe they can interact with the source in a feedback process 
and thereby enhance the formation of plane waves at these frequencies. Attention 
will be focused on turbulence noise below 5 kHz in order to avoid data in which a 
feedback oscillation is observed which modifies the broad band turbulence noise. 

Figure 5.18 shows the evolution, measured at the end of the resonator, of 
the pressure amplitude of the noise source as a function of the jet velocity at 
frequencies corresponding to the third, fourth and sixth mode of the resonator. 
The different curves appear to scale with the jet velocity with powers close to 
a value of 2 for jet velocities greater than about 40 m/s (this critical velocity 
corresponds to a Reynolds number of approximately 2900 which coincides with 
the velocity at which the jet becomes fully turbulent at the flue exit). This 
indicates that the intensity of the sound radiated by the noise source at the 
labium scales roughly with the fourth power of the Mach number. This coincides 
with the results obtained in Section 5.4.3 for an edgetone blowing in an infinite 
pipe and therefore reinforces the assumption that the noise source might have a 
dipolar nature. 

jet blowing on the labium 

In the previous section, noise sources were deduced from measurements performed 
with the jet blowing under the labium. It would be interesting to obtain similar 
results in real operating conditions, that is with the jet blowing on the labium. 
In these conditions, however, it is difficult to isolate the noise component from 
the spectra because of the presence of the pipe tone. Even if a noise component 
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can be clearly identified, it is usually not possible to follow it over a wide range of 
driving pressures since the resonances associated with the pipe tone move as the 
driving pressure is changed. A way to overcome this difficulty is to place a muffler 
at the end of the pipe in order to damp out the longitudinal auto-oscillations of 
the pipe. Spectra obtained in this manner are shown in Figures 5.19, 5.20 and 
5.21 for driving pres~ures of 1430, 2090 and 7250 Pa, respectively. 

The measured signals appear to be very different depending on the driving 
pressure. Although there is no pipe tone in these spectra, some sharp resonances 
clearly appear due to the presence of edgetone feedback loops and the excitation 
of transversal modes of the pipe. The response of the system is very complex and 
varies greatly with the driving pressure. Some genera.I patterns were observed 
and will be described. 

In a real edgetone configuration without resonator, Blake and Powell (1983) 
have showed that the first hydrodynamic mode of the jet appears at a Strouha.l 
number St,. '.:: 0.09 (Stw = JW/U; '.:: 0.38, hence Sti. = fh/U; ~ 0.1 if W/h = 
4). For the driving pressures used in Figures 5.19, 5.20. and 5.21 this corresponds 
to frequencies of 4 kHz, 5 kHz and 9 kHz, respectively. The spectra show that 
the excited edgetones seem to be locked in by the passive resonances of the 
pipe closest to these frequencies. In the case of Figure 5.19, two resonances are 
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Figure 5.19: Power spectra. of the pressure p' tin dB rel 20 µPa.) measured under the 
labium a.t a driving pressure of 1430 Pa with a muffler placed at the end of the pipe. 
The maximum instability of the edgetone a.t this driving pressure is 4kHz. 

excited at 3800 and 4416 Hz since the predicted edgetone frequency lies between 
two modes of the pipe. Harmonics of these two resonances are also found. In 
Figure 5.20, an edgetone clearly appears at 5080 Hz. Finally in Figure 5.21, the 
edgetone appears to be strongly coupled to transversal modes of the pipe. It is 
interesting to note, in this case, the width of the resonance and that its effects 
are seen on the microphones located in the middle and at the end of the pipe 
only after the cut-off frequency of the pipe (8.6 kHz) for this labium position. 
In Figures 5.19 and 5.20, the first and second transversal modes of the resonator 
are also excited by the jet (at approximately 8.6 and 17.2 kHz). The general 
behavior of the jet therefore seems to be strongly controlled in part by edgetone 
oscillations as well as excitation of transversal modes of the pipe. However, the 
movement of the jet is certainly controlled by other complex feedback loops. For 
example, in Figure 5.19, very strong resonances are excited at 10, 15 and 20 
kHz which could not be related to either an edgetone or a transversal acoustic 
resonance. Such complex oscillations and edgetones have also been observed in a 
study of the attack transient by Castellengo (1976; 1994). 

As was the case when the measurements with the jet blowing under the labium 
were considered, one must be very careful when deducing a noise source from the 
measured spectra. Indeed, as a result of its confinement, the motion of the jet is 
determined by complex chaotic feedback phenomena. Note that when the muffler 
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Figure 5.20: l'ower spectra of the pressure P' (in dB rel 20µPa.) measured under the labium 
at a driving pressure of 2090 Pa with a mufHer placed at the end of the pipe. The 
maximum instability of the edgetone at this driving pressure is 5 kHz. 

is removed and that a pipe tone is obtained, this behavior of the jet is completely 
washed out by the acoustically driven auto-oscillations of the jet. Again it is 
stressed that these edgetone-like effects should appear naturally in a simulation 
model as a result of the presence of the resonator and should not be included in 
a model of the turbulence noise source. 

Among all the measurements that were performed, the effects of turbulence 
noise are most clearly seen in the spectra presented in Figure 5.21. Indeed the 
driving pressure is then high enough for all the edgetone oscillations to appear 
above the cut-off frequency of the pipe. As a result, the response of the system 
below ·this frequency can be assumed, with good confidence, to be the result 
of the "coloring" by the pipe of the turbulen'ce noise source. The noise source 
deduced from these measurements is shown in Figure 5.22. The modulus ofthe 
reflection coefficient used in the calculations was measured and is shown in Figure 
5.12a. The measuring of the end correction being much more delicate, the value 
measured (with great care) for the pipe without a muffler (see Figure 5.12b) 
was used. In order to eliminate the effects of the near field, the measurements 
obtained at the end of the pipe were used to deduce the noise source. 

The resulting noise source is very similar to those deduced in the previous 
section with the jet blowing under the labium. It has the same shape and a 
maximum located at a Strouhal number Stk ::::: f h/U; of 0.02. The amplitude of 
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of 7250 Pa with a muffler placed at the end of the pipe. a) under the labium; b) in the 
middle of the pipe; c) at the end of the pipe. The maximum instability of the edgetone at this 
driving pressure 9 kHz. 
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. Figure 5.22: Amplitude of the turbulence noise source l::.p calculated from acoustic pressure 
measurements made at the end of the pipe for a driving pressure p I of 7250 Pa as a function 
of the Strauhal number Sth = fh/U;. Source obtained by using the maxima on the power 
spectra: solid line and by using the minima: dashed line. 

the source appears to be of the same order of magnitude as in the previous cases. 
As was assumed in the previous section, the presence of the second peak around 
Sth = 0.06 could be due to edgetone-related instabilities~ These instabilities 
would be more likely to occur in this configuration, even at high driving pressures, 
because of the proximity of the edge. 

Instead of choosing maxima to deduce the source, minima can also be used. 
The resulting source is shown by a dashed line in Figure 5.22. Both sources 
have similar aspects for Strouhal Sth numbers greater than 0.03. The source 
obtained by using minima is however rather independent of the Strouhal number 
above Sth = 0.01. The fact that the source obtained by using the maxima has a 
higher amplitude than that obtained by using minima could be the consequence 
of the fact that the turbulent jet could respond to an acoustical feedback at 
the pipe resonances. The source obtained by using minima might therefore be 
more characteristic ofthe "pure" turbulence noise source. However since the 
amplitudes of both sources have the same order of magnitude, one can assume 
to have a good estimate of the amplitude of the noise source by using a value 
located between these two limits. 

In order to check the validity of the sources deduced from the measuremynts, 
one can reintroduce them into the pipe model and compare the resulting responses 
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of the system to the measured signal. In order to calculate the responses at all 
frequencies, interpolation is used in ordbr to determine the value ,of the sources 
at points located between maxima or minima. In this way a complete response 
of the system is obtained from only about ten measuring points on the noise 
spectra. Figures 5.23 and 5.24 show such responses at different positions in the 
pipe obtained by using the noise sources shown in Figure 5.22. Globally the pipe 
model and noise sources predict the measured responses for the three positions 
quite well. The predicted responses are especially good for frequencies above 3 
kHz. Minima and maxima a.re less well fitted in Figures 5.23 and 5.24 respectively 
for frequencies below 1 kHz probably due to a lack of precision in the measure 
of the modulus of the reflection coefficient. Power spectra. were not calculated 
for frequencies smaller than 400 Hz because of the behavior of the model at 
low-frequency, which cannot explairt the high value of the measured spectra. at 
low frequencies. The shift between' the measured and calculated resonances in 
both responses is believed to be due to a lack of precision in the value of the end 
correction. Indeed, as stated earlier, the end correction used for these calculations 
was the same as that of the pipe without muffler. 

The noise sources presented in this section were deduced from measurements 
performed with a muffler placed at the end of the tube. In order to determine if 
these sources could be considered a.s good estimates of the sources that would be 
obtained with auto-oscillations of the jet and therefore a pipe tone, the calculated 
noise spectra. obtained with the sources of Figure 5.22 are compared in Figures 
5.25 and 5.26 to the spectra obtained without usirig a muffler. In the calculation 
of the predicted noise spectra, the value of the reflection coefficient measured 
without an anechoic termination and found in Figure 5.12 was used. The shape 
of the responses as well as the level of th~ .no,ise appear to be very well predicted 
by these sources implyingt1Jat'itfobally'·th'¢'movemeht of tl're,jet does not seem to 
have a strong influence on."the; fifi.'ture of tM hitbtilehce noise source. However, 
one must be careful with this conclusion since, in this case, the noise source was 
obtained for a high driving pressure (7250 Pa) which means that the oscillations of 
the jet do not have a great amplitude. At lower driving pressures, the movement 
of the jet should be broader and therefore might have a stronger influence on the 
noise source. 

As a last test of its validity, the noise source found in Figure 5.22 was used 
to predict the noise spectra measured at a different driving pressure. Following 
the assumption that the source has a dipolar nature, the amplitude of the source 
at any driving pressure can be calculated by assuming that it scales with the 
square of the jet velocity. Results obtained for a driving pressure of 2090 Pa 
with sources having the Strouhal number dependency given in Figure 5.22 are 
compared, in Figures 5.27 and 5.28, to measurements performed with and without 
a muffler. For frequencies below 3 kHz, the amplitude is very well predicted for all 
measurement positions. For higher frequencies, the noise level is underestimated. 
This effect could be corrected by shifting the source maximum towards higher 
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Figure 5.23: Comparison between power spectra of the pressure p' (in dB rel 20 µPa) mea
sured (bold line) in the pipe with a mufBer placed at the end of the pipe (no pipe tone) 

. at ~ driving pressure of 7250 Pa. a.nd the c:Orresponding predicted (dashed line) spectra. c&lcu
lated by using the noise source deduced from maxima a.nd shown in Figure 5.22. a) under the 
labium; b) in the middle of the pipe; c) at the end of the pipe. 
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Figure 5.24: Comparison between power spectra of the pressure p'. (in dB rel 20 µPa) mea
sured (bold line) in the pipe with a muffier placed at the end of the pipe having (no pipe 
tone) at a driving pressure of 7250 Pa and the corresponding predicted (dashed line) spectra 
calculated by using the noise source deduced from minima and shown in Figure.5.22. a) under 
the labium; b) in the midd.le of the pipe; c) at the end of the pipe. 
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Figure 5.25: Comparison between power spectra. of the pressure p' (in dB rel 20 µPa.) mea
sured in the pipe without muWer (with a pipe tone). at a driving pressure of 7250 Pa (solid 
line) and the corresponding predicted spectra. (dashed) calculated by using the noise source 
deduced from maxima and shown in Figure 5~22. a.) under the labium; b) in the middle of the 
pipe; c) a.t the end of the pipe. 
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Figure 5.26: Comparison between power spectra of the pressure p' (in dB rel 20 µPa) mea
sured in the pipe without muffler (with a pipe tone) at a driving pressure of 7250 Pa (solid 
line) and the corresponding predicted spectra (dashed line) calculated by using the noise source 
ded1,1ced from minima and shown in Figure 5.22. a) under the labium; b) in the middle of the 
pipe; c) at the end of the pipe. 
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Figure 5.27: Compa.rjson between power spectra of the pressure p' (in dB rel 20 µPa) mea
sured in the pipe with a muffler placed at the end of the pipe (no pipe tone) at a driving 
pressure of 2090 Pa (solid line) and the corresponding predicted spectra (dashed line) calcu
lated by scaling with the square of the jet velocity the noise source deduced from maxima .and 
shown in Figure 5.22. a) under the labium; b) in the middle of the pipe; c) at the end of the 
pipe. 
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Figure 5.28: Comparison between power spectra of the pressure p' (in dB rel 20 µPa) mea
sured in the pipe without muffier (with a pipe tone) at a driving pressure of 2090 Pa (solid 
line) ,and th,e corresponding predicted spectra (dashed line) calculated by scaling with the square 
of the Jet velocity the noise source deduced from maxima and shown in Figure 5.22. a) under 
the labium; b) in the middle of the pipe; c) at the end of the pipe. , 
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of the vocal cavity. The interaction of the jet with the wa.lls of the cavity, the false 
vocal cords and the teeth (as in the production of fricatives) can be expected to 
result in a. source having a dipolar character and therefore sea.ling like the square 
of the jet velocity. Finally, the closing of the vocal folds introduces a 1 strong 
modulation of the jet How (Reis et a.I., 1994). Variations of the phase between 
the noise and the periodic pa.rt of the signal appear to strongly affect the quality of 
synthetic voice (Hermes, 1991). It can therefore be speculated that a turbulence 
model in a Hue instrument should have some modulation of the amplitude of the 
noise source by the fundamental of the acoustic oscillations and that the phase 
between these two signals is important. Finally it is interesting to note that in 
speech modeling, a critical Reynolds number of 3000 is also used to discriminate 
between a laminar and a turbulent state of the jet in the glottis (Sondhi and 
Schroeter, 1987). 



Chapter 6 

A virtual recorder 

Abstract 

The aim of this chapter is to present a simulation model that can be 
used for .time-domain sound synthesis of recorder-like instruments. The 
model is based on a one-dimensional representation of the instrument 

. which includes the basic sound production mechanisms described in the 
previous chapters. In the first section of this chapter, the diffetent elements 
of the model are reviewed and implementation methods are discussed. In 
the second part of the chapter, the transient and steady-state characteris
tics of simulation results ;i,re compared with measurements performed on 
an experimental recorder-like flue organ pipe. The dependency of the tran
sient response of flue instrument to the steepness of the driving pressure . 
rise, discussed· in Chapter 3 ls well reproduced by the model. The response · 
of the model appears to be very sensitive to the value of the width parame
ter b of the jet modei. .The dptimal .value of this parameter depends on the 
steepness of the driving pressure rise during the attack transient and its 
amplitude. A dimensionless represehtation of the steady-state amplitude 
qf the fimdamental of the simulated responses show that it is a function 
of t.he Strouhal number only when flow separation at the labium is taken 
into account and. when the jet-drive is assumed to have a dipolar nature. 
The shape and amplitude of this function are, in these conditions, very 
close to those presented in Chapter 2 for measurements performed on a 
flue pipe. This indicates that the model grasps a fundamental character
istic of flue instruments. The model of the separation of the acoustic flow 
at the labium used,in the simulations, however, does not tesult in a strong 
generation of the second harmonic, as wa.S expected from results by Fabre 
(1992; 1995). 

6.1 lntroduction 

In the preyious chapters, the basic sound production mechanisms offlue instru
ments were analyzed wit}). the h~lp of a simple one-dimensional representation of 

181 
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Figure 6.1: Simple one-dimensional model iJ8ed to simulate sound production by recorder-like 
instruments. 

the instrument. The approach used tQroughout this work was to find simplified 
representations of the complex phenoq:iena involved, in order to obtain a model 
that could be used for time-domain sound synthesis. It was tried as much as 
possible to determine the values of the different parameters of the model from 
physical arguments. 

In this chapter, the different sounding mechanisms of the instrument are com
bined into a single model. The different elements of the model are first reviewed 
and their numerical implementation discussed. Simulation results are then sys
tematically compared to transient and steady-state measurements performed on 
the experimer.tal flue pipe described in Chapter 3. From these results, the sen
sitivity of the model to the different parameters is discussed in detail in order 
to bring out its strong and weak points. The musical quality of the simulations 
is, for the moment, considered to be a secondary preoccupation. Comparison of 
the simulations with measurements is the only way to validate our model and to 
evaluate our level of understanding of the physic." of the problem. This step is 
essential if one is really to control a simulation model. Once the "essence" of a 
family of instruments has been grasped, then it becomes justified and musically 
interesting to explore the possibilities of the model. 

6.2 The basic model 

In the previous chapters, we presented the basic sound production mechanisms oc
curring during transient and steady-state operation of recorder-like instruments. 
It is ~ur purpose now to summarize the different equations describing the behavior 
of this type of instrument in order to develop a numerical model for time-domain 
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Figure 6.2: Two-dimensional representation of recorder-like instruments. 

simulation. 
Throughout this work, the low-frequency one-dimensional model shown in 

Figure 6.1 was used in order to understand sound production by recorder-like 
instruments. This representation was obtained, as already explained in Chapter 4, 
by "unfolding" the two-dimensional geometry of a recorder-like instrument shown 
in Figure 6.2. The mouth of the instrument is represented by a small tube of cross 
section Sm= W H, where Wis the distance between the flue exit and the labium 
and His the width of the the pipe. The resonator is represented by a larger tube 
of cross section Sp ""' H2 and length Lp + 8P where Lp is the length of the pipe and 
8P an end correction associated with sound radiation. Because the mouth region 
is small compared to the wavelengths considered, the flow in this region can be 
assumed to be incompressible. The complicated two-dimensional geometry of the 
mouth of a recorder can therefore be represented by an equivalent end correction 
of length 8m. The length of this end correction is determined by inertia effects 
related to the sound radiating flow at the embouchure of the instrument and to 
the constriction in the mouth of the instrument resulting from the presence of 
the labium. 

In the one-dimensional representation of the instrument, the flue exit is lo
cated a distance 80 .,1 from the "outside world" and a distance Din from the entrance 
of the resonator (8m = 8;n + 60 .,t). The details of the determination of these pa
rameters were given in Chapter 3. As was discussed in the same chapter, the 
flue exit is a volume source that acts as a sound source when the jet velocity 
Ui fluctuates. It is also the point where the jet is formed. During steady-state 
operation, the jet is submitted to the.transverse acoustic field Qm at the flue exit 
which controls the oscillating motion of the jet in the mouth of the instrument. 
At the labium, this movement results in a complex flow which can be lumped 
into two flow sources Q1 and Q2 such as shown in Figure 6.2. In Chapter 4, it 
was shown that these two sources induce a pressure difference across the mouth 
of the hstrument which constitutes the jet-drive mechanism for the acoustic os
cillations in the pipe. In a one-dimensional representation, the sources can be 
represented by a dipole placed in the.end correction lim. Such a dipole induces a 
fluctuating pressure jump b.pjd across the pipe segment representing the mouth 
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of the instrument. 
The model is driven by a pressure signal PI th at represents the pressure in the 

foot of a flue organ pipe or in the mouth of a musician. A relationship bet ween 
the pressure drop PI - Pm across the flue canal, where Pm is the acoustic pressure 
at the flue exit, and the resulting jet velocity Uj at the flue exit is given by the 
Bernoulli equation (see Chapter 3) 

dUj 1 2 
poiCdt + "2PoUj = PI - Pm, (6.1) 

where po is the air density and ic is the length of the flue canal. As was discussed 
in Chapter 3, th is representation enables one to take into account the effects of 
the jet velocity variations due to pressure fluctuations at the flue exit. At the 
flue exit, the mass conservation law can be applied 

(6.2) 

where Qj, Qout and Qin are the jet flow and the flow in the portion 80ut and 8in 

of the mouth end correct ion , respectively 1. At the flue exit (x = -8in ), the 
pres su re Pm is determined by the value of the radiation impedance Zout. In a 
low-frequency approximation (with the sign convent ion of Figure 6.1) (Rayleigh, 
1894) 

Zout = ;:t = -~~ (~(w:m r + i: 80ut ) , (6.3) 

where w is the angular frequency, rm the radius of a circle having the same cross 
section as that of the mouth (1l"r;' = Sm) and Co is the speed of sound. By inverse 
Laplace transformation, a time-domain relationship between the pressure Pm at 
the flue exit and the flow Qout is obtained 

(6.4) 

The pressure PP at the entrance of the resonator can be related to the pressure 
Pm at the fiue exit by applying the Bernoulli equation 

_ PO{jin dQ in + tJ. 
PP - Pm - - Sm Tt P, (6.5) 

where continuity of pressure at the entrance of the resonator (x = 0) was assumed 
and the jet drive mechanism was represented by a pressure jump tJ.p across the 
end correction 8;n. Note that ot her sound production mechanisrns such as vort ex 
shedding at the labium and turbulence noise can be included in this pressure 

1 Note that the sign convention used for Q.u. in this chapter is the opposite of that used in 
Chapter 3. 
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jump. At the interface between the mouth of the instrument and the pipe, flow 
continuity is also assumed 

(6.6) 

where Qp is the volume flux in the resonator. 
The amplitude of the pressure jump 6.pjd associated with the jet-drive is 

determined, as was discussed in Chapter 4, by the amplitude of the flow source 
Ql corresponding to the portion of the jet flow entering the pipe at the labium. By 
inverse Laplace transformation of equation 4.29, oneobtains in the time-domain 

6. . __ poDd dQl 
PJd - Sm di ' (6.;) 

where Dd is the "distance" between the sources Ql and Q2 in the one-dimensional 
representation of the instrument. The flow Ql is calculated, as suggested by 
Cremer & Ising (1967-68), from the estimated jet position 1](W, t) at the labium 

(6.8) 

where H is the jet width and Yo the labiumposition with respect to the flue 
exit axis. By assuming that the jet has a 13ickley velocity profile (Uj(Y) = 
Uosech2(yjb)), as proposed by Fletcher (1979), the following expression is ob
tained 

Ql = bHUo (1 + tanh C ~ Yo) ) , (6.9) 

wh ere Uo is the jet central velocity and b is a jet width parameter determined by 
the velocity profile at the flue exit and whose value was discussed in Chapter 4. 

Equations 6.1, 6.2, 6.4, 6.5, 6.6, 6.7, and 6.8 constitute our basic recorder 
model. The details of the implementation of the different elements of Ihis model 
are now discussed. 

6.3 Filter representation of the jet oscillations 

The problem of the jet oscillation is very complex and there is, at the present time, 
no accurate model to describe the jet movement 1] at the labium. In Chapter 4, we 
proposed to use a modification of the semi-empirical formula of Fletcher (1979) 

1 (2 Qp 0.38Q;) [ (-û,,'W)] 1](W,w) = -;- -- - -- 1 - cosh(Jl\;V)exp -- , 
zw 7r Sm Sm U 

(6.10) 

where W is the distance between the flue exit and the edge of the labium, fl(St) 
is an amplification coefficient, u( St) the speed of the hydrodynamic perturbation 
on the jet, St the Strouhal number and where Q; is defined as 

(6.11) 
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The first term in the parenthesis of equation 6.10 represents the transverse acous
tic velocity v:,. at the flue exit. As discussed in Chapter 4, this velocity is the 
sum of a contribution due to the acoustic field from the pipe and a direct hy
drodynamic feedback from the edge of the labium, which may account for an 
edgetone behavior of the instrument. The hyperbolic cosine in the second fac
tor of equation 6.10 represents the amplification of the perturbation by the jet, 
and the complex exponential the phase delay due to its convection towards the 
labium. The constant 1 before the hyperbolic cosine was introduced in order to 
fit a boundary condition of zero displacement at the flue exit. The modulus and 
phase of the frequency response of this model, obtained with the value of the 
variables IL and u given by Mattingly and Criminale (1971) (see Figure 4.11), 
are given in Figure 6.3a and 6.4b. Note that this model displays an unrealistic 
behavior at zero frequency because of the factor in l/iw in equation 6.10. An
other difficulty is that this jet oscillation model is expressed in the frequency 
domain. Because the IL and u parameters both depend on the Strouhal number 
St, no simple analytical representation can be found in the time domain. The jet 
oscillations must therefore be implemented as a digital filter. 

This model can be simplified by modifying equation 6.10 as follows 

1 (2 Qp o.3sQ;) [r ( )] (-iwW)] 17(W,w) =-:- ----- 1- cosh ILW exp -- , 
ZW 7r Sm Sm U 

(6.12) 

which enables one to treat the amplification and the delay effects separately and 
fits the same boundary condition. Note that in most implementations of the 
theory of Fletcher, the factor in the square brackets of equation 6.10 is simpli
fied to [-cosh(ILW)exp(-iwW/u)], which can be considered as an alternative to 
our proposition. In a first approximation, the convective velocity u of the per
turbation on the jet can be assumed to depend on the jet velocity only, which 
allows the representation of this effect by a simple delay line. Experimental data 
by Powell (1983) and Maurel (1994) show that indeed the velocity u does not 
depend strongly on the Strouhal number. 

The amplitude of the frequency response obtained from equation 6.12 is plot
ted as a function of the frequency fin Figure 6.3 (for frequencies above 20 Hz in 
order to avoid the 1/iw singularity of the term) for different jet velocities and as 
a function of the Strouhal number in Figure 6.4a. This function appears to be a 
band-pass filter having a frequency response which depends on the jet velocity. 
The maximum of the response shifts towards high frequencies and the pass band 
broadens as the jet velocity is increased. The maximum amplitude of the response 
is close but not exactly equal to the response of the original model at the same 
frequency. Less care was taken in fitting the amplitude of the response than its 
phase, since the latter is crucial in determining the operating characteristics of 
the feedback loop. 

A simple band-pass filter can be obtained by using Butterworth IIR (infinite 
impulse response) digital filters. The drawback of such filters is that they do 
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Figure 6.3: Amplitude of the jet displacement 17(W) at the labium predicted by a) equation 
6.10 and b) equation 6.12 as a function of the frequency f for different jet velocities Uj: dashed 
line: lOm/s; dotted: 20 m/s; dashdot: 30 m/s). The width parameter b = 0.4h. 
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not provide a linear phase response. An order three Butterworth band-pass filter 
provides a reasonable fit of the phase response of the original jet model. The 
phase response of this type of filter varies from 7r /2 to -'Ir /2 in the pass-band 
and is constant in the stop-band. In Figure 6.4, the total phase shift introduced 
by such a filter and a delay line of length 0.6U; /W is compared with ~he phase 
response of equation 6.10 and experimental data by Coltman (1994). For Strouhal 
numbers Stw = JW/U; greater than 0.15, the phase response is well fitted. For 
lower Strouhal numbers, the phase shift is underestimated. Note that in the 
experimental data, the phase shift introduced by the jet is almost zero for Strouhal 
numbers Stw < 0.05 which implies that the perturbation is conveyed almost 
instantaneously by the jet. Similar observations were ma.de by Maurel (1994) 
in numerical simulations of edgetone oscillations. This behavior at low Strouhal 
numbers corresponds to a frequency-dependent "end correction" of the jet length 
and is certainly not correctly fitted by Fletcher's model. The corresponding 
modulus of the filter response is shown in Figure 6.4 for different pass-band 
widths. The coefficients of each filter were chosen so that the frequency of the 
maximum of the response coincided with that of the jet model response for a 
given jet velocity. The transfer function of the filter was then multiplied by a 
constant in order to match the amplitude. 

In order to obtain a filter model that can be used for different jet velocities, 
the steps just described must be repeated for the whole range of jet velocities 
that will be used during the simulations. Different sets of data must also be 
calculated for different flue exit to labium distances W and width param~ters b. 
From these data, interpolation rules can be determined in order to calculate the 
different filter coefficients as a function of the jet velocity. However, for low jet 
velocities, the response of the filter appeared to be very sensitive to the accuracy 
of the relationship used to determine the coefficients. Another method consists 
of calculating the filter coefficients for a set of jet velocities and to store them in 
a look-up table. The second method appeared more convenient and was used in 
the simulations that will be presented later in this chapter. 

In order to obtain a better control of the phase lag introduced by the jet 
model, FIR (finite impulse response) filters, having a linear phase characteristic 
could be used. A linear phase is equivalent to a pure time delay which can then 
be subtracted from the jet delay line. The drawback of FIR filters is that they 
need a much greater order than an IIR filter in order to achieve a given frequency 
response. At low jet velocities, the pass-band of the jet amplification model is 
very narrow, which would result in very long impulse responses of a FIR filter. 
This implies the calculation of costly convolution integrals which is not convenient 
for time-domain simulations. 

In implementing the jet model presented in this section, one has to be careful 
in choosing the value of the jet velocity used to determine the filter coefficients. 
The jet velocity U; is determined by the pressure difference between the foot 
of the instrument (or the mouth of a musician) and the flue exit. Because of 
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Figure 6.4: a) Modulus of the frequency response of a third order HR Butterworth digital 
filter (bold line) and comparison with the response at the labium of the jet amplification model 
given by equation 6.12 for different jet velocities (dashed line: IO m/s, dotted: 20 m/s, dashdot: 
30 m/s); b) Corresponding phase of the frequency response of the third order filter and a delay 
line of length 0.6Uj (bold line) and comparison with the phase of the response of the modified 
jet model by Fletcher (equation 6.10, dashed line) and experimental data by Coltman (1994). 
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large pressure fluctuations at the flue exit, the jet velocity fluctuates at the same 
frequency as that of the acoustic oscillations in the resonator. This implies that 
the filter coefficients should vary, and consequently the amplitude of the filter 
response, within one period of oscillation. Originally, we used the fluctuating 
value of the jet velocity U1, but it was found that the model then displays a 
rather unrealistic behavior. The change in the response of the filter within an 
oscillation period, results in asymmetrical oscillations of the jet. After a certain 
number of oscillations a mean displacement of the jet brings the jet entirely on one 
side of the labium. This awkward behavior was in fact introduced artificially by 
our jet model and has no physical foundations. One could argue that we should 
any way not use the value of the jet velocity Uj at the flue exit. Indeed, the jet 
velocity fluctuations induce varicose (symmetrical) instability modes on the jet 
(Drazin and Reid, 1981) which were not taken into our jet model. These varicose 
jet perturbations imply a modulation of the jet width at the labium after a certain 
propagation delay corresponding to the convection of the perturbations by the jet. 
A model assuming these fluctuations to act immediately at the labium without 
cha,nges in the jet width is certainly wrong. In order to avoid this problem, we 
propose to use, when determining the jet coefficients, not the actual jet velocity, 
but the velocity obtained by assuming a zero pressure at the flue exit and using 
the stationary approximation (Uj = ..j2p1/p0 ). This drastic simplification of the 
model provides reasonable results. 

6.4 Implementation of the resonator 

In the resonator, the pressure signal is described, in a plane-wave approximation, 
by the one-dimensional wave equation (Pierce, 1981) 

1 a2pp a2pp 
~ 8t2 - 8x2 

0. (6.13) 

The well-known D' Alembert's solution of this equation enables one to represent 
the resulting pressure signal pp as the sum of two traveling-waves Po and p; 

Pp = Po(x Cot)+ p;(x + eot). (6.14) 

For an observer placed at the entrance of the pipe, the incoming wave p; is equal 
to the outgoing wave p0 delayed by the time of a round-trip in the resonator and 
filtered by the effects of the visco-thermal losses and sound radiation at the end 
of the resonator. Using Euler's equation and this expression, the flow Qp in the 
pipe can be expressed as 

' s 
Qp:::::: _P (Po - p;). 

po Co 
' (6.15) 

An efficient implementation method of the wave-equation consists in the use 
of so-called digital waveguides (Smith, 1992). This representation is based on 
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Figure 6.5: Implementation of a digital waveguide by the use of chained cells. The two delay 
lines represent the propagation of the outgoing and incoming traveling waves Po and Pi. A 
pointer is used to locate the beginning and end of the resonator. 

the traveling-wave solution of the wave equation. The solution is obtained by 
discretizing the pipe into a certain number of cells and by following and sampling 
the amplitude of the two waves traveling in opposite directions. This implies 
spatial sampling at intervals of !:ix = eo!:it where !:ix is the length of a space 
sample and !:it the sampling period. The resonator can therefore be represented 
by two delay lines representing the outgoing and incoming traveling waves p~ and 
p;. The pressure at a given point is then equal, at every instant, to the sum 
of the two pressure waves. Implementation of this waveguide can be performed 
efficiently by representing the resonator by a chained group of cells such as shown 
in Figure 6.5. A pointer is used to locate the position of the beginning and end 
of the resonator. Information is propagated in the guide by simply displacing the 
pointers by one cell at every time step of the calculation. At the end of the tube, 
the incoming pressure wave p; can be determined from p0 by multiplication with 
the value of the reflection coefficient R. 

This pipe model was used in the simulation results that will be presented later 
in this chapter. In this representation, the pipe is assumed to have a uniform 
cross-section. In real instruments, the resonator is usually non-uniform. Such a 
resonator can be modeled by glueing together cylinders of different cross-sections. 
The wave propagation model is then however complicated by the fact that one 
must take into account the scattering of the traveling waves at the interfaces 
between the different cylinders. Another element which has been neglected is the 
presence of tone holes on the pipe. They can be included in a digital waveguide by 
the use of three-port junctions. Finally the discretization of the tube into cells 
of finite lengths may not always enable one to represent accurately the length 
of a pipe which may, especially at low sampling frequencies, significantly affect 
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the pitch of the simulated signal. This problem can be overcome by ~he use of 
fractional delay waveguides. The representation of the resonator of a real musical 
instrument therefore requires the use of a more elaborate pipe model than the 
basic model presented in Figure 6.5. These matters are discussed in detail by 
Vfilimiiki (1993; 1994a; 1994b; 1994c). 

6.4.1 Sound radiation 

At the different openings of the instrument, a small portion of the energy stored 
in the pipe is radiated towards the "outside world". From the point of view of 
sound synthesis, it is important to estimate these "losses" since they determine 
the sound production from the instrument. Since high frequencies are better 
radiated than low frequencies, the internal and external signals may significantly 
differ. This effect is illustrated in Figure 6.6 where measured pressure signals are 
shown. 

The radiation losses at the passive end of the resonator can be taken into 
account by filtering the outgoing pressure wave p0 before reflecting it back into 
the pipe. The transfer function of this filter can be calculated from the expression 
of the radiation impedance at the end of the tube. The following relationship, 
similar to equation 6.4, between the pressure pp(Lp) at the end of the tube and 
the corresponding flow Qp(Lp) is found in the time domain 

. (6.16) 

where rp is the radius of a circle having the same cross-section as that of the pipe 

(rp = J Sp/7r) and the end correction Cp ~ 0.82rp (Peters et al., 1993). By using 
equations 6.14 and 6.15, this expression can be written 

(6.17) 

By evaluating the time derivatives with finite difference schemes, a relationship 
can be found between the outgoing and incoming pressure signals p0 and Pi. One 
has to be careful, however, in selecting the scheme. When choosing forward 
schemes to evaluate equation 6.17, the resulting filter is unstable since it is not 
causal. By using a backward scheme, the following expression is obtain~d 

-r2 
n + n p [( n n) 2( n-1 n-1) + ( n-2 n-2)] + Po P; = 4~6t2 Po - P; - Po - Pi Po - Pi 

Cp [ n n n-1 n-1 l eo.6.t (Po - Pi ) - (Po - Pi ) , 

t=n6t where n=0,1,2,3, ... , 

(6.18) 

(6.19) 
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Figure 6.6: Comparison between a) the internal and b) external pressure signals pp during the 
attack transient of the experimental flue organ pipe. The internal signal was measured under 
the labium and the external one was measured 12 cm in front of the window of the instrument. 
The labium was aligned in the middle of the flue exit Yo= 0, W/h = 4. 
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where the superscripts refer to time coordinates a.nd /:::,,.tis the sampling period. 
This yields, in the z-doma.in, the following transfer function H(z) 

where 

Hz_ p;(z) _ (l+A--B)+(B-2A)z- 1 +Az-2 

( )- Po(z)- (A-B-l)+(B-2A}z-1 +Az-2' 

r2 
A- P 

- 4c56t2 ' 

B= ...!L. 
eo6t 

(6.20) 

(6.21) 

(6.22) 

The locations of the poles of this function depend on the choice of the cross
section Sp of the pipe and the sampling frequency /:::,,.t. After a little algebra, one 
finds that the poles are located inside the unit circle, which yields a causal a.nd 
stable filter, if the sampling period /:::,,.t > (0.47rp)/eo. For the cross-section of 
our experimental pipe (rp 1.13 cm), the filter is stable for sampling frequencies 
smaller than 66 kHz. 

The frequency response of the filter having the transfer function given by 
equation 6.20 is shown in Figure 6. 7 and is compared with theoretical values of the 
reflection coefficient at the end of an unflanged circular pipe given by Levine and 
Schwinger (1948). As expected, the resulting filter is a low-pass filter. The losses 
are, however, overestimated in comparison with the theoretical value. The filter 
described by equation 6.20 was used in all the simulations that will be presented 
later in this chapter. A similar backward discretization scheme was also used to 
evaluate the effects of sound radiation at the mouth of the instrument. 

6.4.2 Visco-thermal losses 

Visco-thermal damping induces a frequency-dependent dispersion and exponen
tial decay of traveling waves. The effects of visco-thermal damping in a tube can 
be represented, in the frequency domain, by the use of a complex wave number 
k (Polack et al., 1987) 

where 
k± = w ± fq!_::_(l - i), 

Co V 2 rp 

with a a damping coefficient given by 

v1: +(I - l)Vfi 
a= ' .;co 

(6.23) 

(6.24) 

(6.25) 
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Figure 6.7: a) Modulus of the frequency response of a filter having the transfer function 
given.by equation 6.20 (bold line) a.t .a sampling frequency of 44.l kHz and comparison with 
theoretiCal vaiues of the modulus of the reflection eoefficient at the end of an unfla.nged circular 
pipe given by Levine & Schwinger (1948) (dashed line) and b) corresponding phase (bold line) 
compared to the phase shift introduced by an end correction of length lip ;::: 0.82rp (dashed 
line). 
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where l,, and lt are,_th~ viscous and thermal characteristic lengths (in air at 20°C, 
l,, = 4.0 x 10-sm and lt = 5.6 x 10-8m) and 'Y is the Poisson constant, i.e. the 
ratio of specific heats at constant pressure and volume respectively ('Y = 1.4). 

An exact time-domain transformation of equation 6.23 involves fractional 
derivatives which are introduced by the y'w term in equation 6.24. This complex 
problem is beyond the scope of this work but as been discussed at length by 
Matignon (1994). A low order IIR filter was used in the simulation model. For 
efficiency, instead of filtering the pressure signal at every tube cell, the effects 
of damping have been lumped at both extremities of the tube. The frequency 
response of an order 3 IIR filter representing the effects of damping on a wave 
having travelled a whole length L,, = 0.283m of pipe is shown in Figure 6.8. The 
filter coefficients were found numerically by using a method based on minimizing 
the weighted sum of the squared error between the response of the filter and the 
desired one in the audio range (f < 20 kHz). 

6.5 Noise production by turbulence 

In order to obtain realistic simulations, one may wish to include a turbulence 
noise source in the recorder model. Noise production by turbulence in a recorder
like flue organ pipe was discussed in Chapter 5. The noise source appeared to 
display a dipolar character and can therefore be represented by a pressure jump 
!:::.Pt located across the mouth of the instrument, which scales with the square 
of the jet velocity Ui. The noise source displays a bell-shaped Strouhal number 
dependency with a maximum shifting from higher to lower Strouhal numbers 
as the driving pressure is increased. However, as was mentioned in Chapter 5, 
the data appeared to scale better with a frequency dependency. This latter 
dependency is much more convenient from the point of view of simulations since 
it only requires one filter regardless of the value of the jet velocity. 

A noise source similar to that shown in Figures 5.22.is obtained by filtering a 
white noise with a simple band-pass filter. An order two Butterworth pass-band 
digital filter appeared to be suitable. The white noise source can be obtained 
by simply using a random number generator. The peak amplitude of this noise 
source should be equal, according to the results of Figures 5.22 to approximately 
1.2 x 10-4 (0.5p0 UJ) Pa which means that the transfer function of the pass-band 
filter should be multiplied by a constant determined by the jet velocity. The 
source should be triggered when the Reynolds number Re = U0 h/v reaches a 
value of approximately 700. 

For Reynolds numbers lying between 700 :5 Re :5 3000, the jet fl.ow becomes 
turbulent after it has passed the labium. Because of the jet oscillations, the 
turbulence noise should therefore be, in these conditions, intermittent. This 
can be simul.;,ted by modulating the amplitude of the noise source with the jet 
displacement at the labium. A phase lag between the jet displacement and the 
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Figure 6.8: a) Magnitude and b) phase of the frequency response of the filter representing 
the effects of visco-thermal damping: results obtained from equations 6.23 and 6.24 (bold line) 
and an order 3 IIR filter (dashed line). 
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modulation can also be introduced. This may be perceptually relevant. In the 
results presented later, we, however, did not use a turbulence noise source. 

6.6 Vortex shedding at the labium 

The jet drive model discussed in Section 4.3 and used in the simulation model 
appears, as was shown in Section 4.4, to predict reasonably well the linear behav
ior of a recorder during a smooth attack transient. However, in order to explain 
the nonlinear behavior of the instrument, vortex shedding at the edge of the 
labium must be taken into account and should constitute a crucial element of a 
simulation model. 

Vortex shedding at the edge of the labium has been discussed in Chapter 2. 
Results by Fabre (1992; 1995) show that during steady-state operation of the 
instrument, the major nonlinear amplitude limiting mechanism is due to vortex 
shedding at the labium. It is also correlated with the generation of high harmonics 
in the spectra. As discussed in Chapter 2, flow separation at the edge of the 
labium appears to be due to the interaction of both the jet flow and the acoustic 
flow Q,, from the resonator with the edge of the labium. At the present time, 
a model of the periodic vortex shedding induced by the jet is not available. As 
noted in Chapter 3, the initial interaction of the jet with the labium appears 
to play a crucial role during the attack transient and we will propose here a 
crude model of this effect. In the simulation model, only the vortex shedding 
associated with the separation of the acoustic flow will be taken into a.Ccount 
during steady-state operation. . 

The acoustically induced vortex shedding can be taken into account by as
suming that flow separation of the acoustidlow Q,, at the labium results in the 
formation of a jet in the mouth of the instrument as is shown in Figure 6.9. In 
this quasi-stationary free jet model, proposed by Ingard and Ising (1967), the 
effects of vortices are represented by a fluctuating pressure jump b:.pa across the 
mouth of the instrument 

(6.26) 

where a., is the vena-contracta factor of the jet, which, depending on the geom
etry, can vary within the range 0.6 ::;; a., $; 1. We used later a value a., = 0.6. 
This pressure drop opposes the acoustical flow in the mouth and corresponds 
to the dissipation of the kinetic energy of the free jet by turbulence. This crude 
model should constitute an upper limit approximation of the effects of this vortex 
shedding. Energy losses Ea induced by this model scale with the third power of 
the acoustic flow 

(6.27) 
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\_ 
\__ 

Figure 6.9: Flow sep~ation of the acoustic flow from the resonator, resulting in the formation 
of a jet. 

where T is the period of the acoustic signal. 
During the attack transient, the vortex shedding due to the initial interaction 

of the jet with the labium is crucial (see Chapter 3). When the jet hits the 
labium, a vortex is shed which appears to be hnportant in the triggering of the 
attack transient and the generation of high frequencies during the transient. In 
order to determine the jet· position during its formation, we propose to use the 
lower limit approximation described in Section 3.6.L In this representation the 
flue exit is viewed, in a two-dimensional potential flow approximation, as a point 
source Qi(t) flowing into a semi-infinite space. The forming jet therefore appears 
as a growing semi-circle. The vertical position of this semi-circle is determined 
by theratio of the flow Q0 ,,t and Q;11 in the mouth of the instrument, as shown in 
Figure .6.10. When the semi-circle hits the labium, a pressure pulse l:::,.pir having 
an amplitude proportional to the square of the jet front velocity Ufr is sent in 
the pipe 

(6.28) 

The proportionality constant in this formula was determined by fitting experi- · 
mental data. · 

6. 7 Time domain implementation of the model 

Equations 6.1, 6.2, 6.4, 6.5, 6.6, 6.7, 6.9, 6.10, 6.14 and 6.15 constitute the 
complete recorder model. The driving pressure signal P! is considered to be 
a known parameter as well as the incoming pressure wave p;(O) at the entrance of 
the resonator, since it can be determined from past values of the outgoing signal 
p0 (0). We therefore have a set of ten equations with ten unknowns which must 
be solved simultaneously. 

By using equati()ns 6.2, 6.4, 6.5 and 6.6 a relationship between the pressure 
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Figure 6.10: Vertical position of the ha.If-circle representing the forming jet such a.s determined 
by the ratio of the flow Q1n and Qout in the mouth of the instrument. In this model, the flue 
exit is represented a.s volume point source. Its vertical position is indiCa.ted by the dashed line. 

pp and the flow Qp at the entrance of the resonator can be obtained 

(6.29) 

By replacing equations 6.14 and 6.15 in equation 6.29, an expression with a single 
unknown is obtained 

_ r~SP fJ2(p" - Pi) _ por~ cPQi _ limSp o(p" - p;) Poliout dQ; !:::,. _ . 
Po - 4cfiiSm ot2 4eoSm dt 2 eoSm ot + Sm dt + p p,. 

(6.30) 
The outgoing wave p0 is determined by the effects of inertia in the xµouth of the 
pipe, feedback from the resonator, the pressure source in the mouth of.the instru
ment and the jet velocity fluctuations. During steady-state operation, the pres
sure source /:::,.p is the main driving mechanism, while during the attack transient, 
the sound production is deminated by the effects of the jet velocity fluctuations. 
This, as discussed in Chapter 3, provides the triggering signal for the model. 
By using backward finite difference schemes to evaluate the time derivatives, the 
following expression is finally obtained 

P: [ (!3J - /31/32 - I )pi + (2/31/32 - f33)(pf-1 - p;-1) 

+ (/31/32)(p:- 2 
- Pi-2

) - /31(Q'] - 2Q';-1 + Q';-2) (6.31) 

+ f34( Qj - Q';-1) + t::,.p l I (1 - P1P2 + ,83), 

where 

(6.32) 

At every time step of the calculation, the jet flow Q; is calculated from equation 
6.1, where the value of the driving pressure signal Pf and of the pressure Pm 
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were taken from the previous iteration of the calculation. The signal at the end 
of the delay line representing propagation on the jet is then filtered in order to 
determine the jet displacement at the labium. This enables the calculation of the 
pressure source 6.pjd associated with the jet-drive from equations 6. 7 and 6.9. 
In addition to the pressure jump associated with the jet drive, the contributions 
of vortex shedding and turbulence noise can also be included in this term 6.p, 
namely as 

(6.33) 

The new value of the outgoing wave p0 (0) at the entrance of the pipe can then 
be determined from equation 6.31 and from the value of the incoming signal 
p;(O) found at the end of the delay line representing the pipe. From the new 
value of the pressure signal p0 (0), the flow Qp(O) at the entrance. of the pipe can 
be determined with equation 6.15. This, combined with the value of the flow 
source Qi, enables the calculation of the new value of the transverse acoustic 
perturbation at the flue exit. This value is then placed at the beginning of the 
delay line representing the propagation on the jet. The newly calculated value 
of the signal p0 (0) is placed at the entrance of the delay line representing wave 
propagation in the tube and the pointers locating the extremities of the pipe are 
displaced by one cell in order to simulate the propagation in the tube. Finally, the 
pressure signals p0 (Lp) and p;(O) are then filtered at both ends of the resonator 
in order to account for visco-thermal dissipation resulting from traveling one 
pipe length. At the passive end of the pipe, the outgoing wave p0 (Lp) is filtered 
once more in order to determine the reflected signal p;(Lp)· The system is then 
ready for the next iteration. Simulation results obtained with this mo.del will be 
presented in the next section. 

6.8 Simulation results 

The recorder model presented in the previous sediori has been implemented in 
C language. An optimized version of the code has been implemented on an SGI 
Indigo workstation for real-time sound synthesis. The simulations are percep
tually very convincing. At least the model can be used as a basis for a sound 
synthesizer. In this section, the model is evaluated by comparing the simulations 
to measurements performed on the expt'.rimental flue organ pipe used through
out this work. This should give .an indication of the physical reasonableness of 
the model. The simulations were performed on a DEC Alpha workstation at a 
sampling frequency of 44.1 kHz. 

6.8.1 Transients 

The influence. of the steepness of the driving pressure rise on the attack transient 
was discussed in Chapter. 3. In the one-dimensional.representation of the instru-
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ment presented in Figure 6.1, the difference between a slow and a fast attack 
should be taken into account by inertia effects in the mouth of the iQstrument 
and by the modeling of the early interaction of the jet with the labium. In this 
section, the transient behavior of our simulation model is examined. 

Slow transients 

As suggested in Chapter 4, smooth attack transients can be used to test the linear 
behavior of numerical codes. Features of interest are the jet velocity threshold 
and the rate of increase of the oscillations. 

Figure 6.11 shows a smooth attack transient measured on the experimental 
organ pipe and the corresponding driving pressure rise. The response pp(O) ob
tained from the simulation model with the measured driving pressure signal Pi 
of Figure 6.lla as input is shown in Figure 6.12a. In this simulation, the width 
parameter b of the jet model was set to 0.39h and the distance 6d between the 
sources Q1 and Q2 of the flow dipole in the mouth of the instrument was adjusted 
to 3.5 mm. This corresponds to the value of 6d calculated in Chapter 4. This 
value of the b parameter is very close to the optimal value found in the last Section 
of Chapter 4 in the linear analysis of smooth transients measured on th!'l same 
flue pipe for oscillations on its first acoustic mode. As expected, the oscillations 
appear to grow exponentially while the jet displacement at the labium, shown in 
Figure 6.13, is smaller than its half width. With these values, the threshold of the 
oscillations as well as the rate of increase of their amplitude appears to be well 
predicted. It is interesting to note that the pressure pulse due to the initial vol
ume injection into the mouth of the instrument, although very faint, is sufficient 
to trigger the oscillations. As observed in the linear analysis of Chapter 4, the 
model is very sensitive to the value of the b parameter. Results obtained by using 
a value b = 0.35h are presented in Figure 6.12b. The transient is triggered earlier 
than in the previous simulation which means that early perturbations on the jet 
are more quickly amplified. This is consistent with the results of Chapter 4. Note 
the presence of a high frequency component in the simulated signals which does 
not appear in the measurements. This could be linked to an oscillation of the 
jet on its second hydrodynamic mode, which will be discussed in Section 6.8.2. 
The good agreement between our numerical implementation of the model and 
the analytical linear theory is also confirmed by other results. For example, when 
the reflection coefficient of the pipe is set to zero (anechoic termination, p; = 0), 
we find the same difficulty to trigger oscillations as was found in Chapter 4. This 
"edgetone-like" oscillation can only be obtained by reducing the length of the 
end correction lim by a factor two. 
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Figure 6.11: a) Smooth driving pressure rise measured in the foot of the experimental flue 
pipe and b) corresponding pressure response Pp of the instrument measured under the labium. 
The distance W between the flue exit and the edge of the labium was set to 4 mm and the 
vertical position of the labium was adjusted in the middle of the flue exit (yo = 0). 
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Figure 6.12: Response of the one-dimensional simulation model to the driving pressure rise 
shown in Figure 6.lla. a) The width parameter b of the jet model is adjusted to 0.39h; b) 
b = 0.35h. In both simulations the distance lid between the flow sources in the mouth of the 
instrument is equal to 3.5 mm. 
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Figure 6.13: Jet displacement 17(W) at the labium corresponding to the simulation of Fig
ure 6.12a. 

fast transients 

A transient of the experimental flue pipe obtained with a steep pressure rise is 
shown in Figure 6.14. The signal obtained with the simulation model and the 
same driving pressure signal is shown in Figure 6.15a. In the simulation, the 
parameter b was adjusted to a value of 0.35h. which is lower than .the optimal 
value found for the slow driving pressure rise. The same dependency of this 
parameter with the driving pressure was found in the results of Section 4.4 in 
Chapter 4. This change in the value of the b parameter could be linked to a 
change in the jet velocity profile with the jet velocity. The great sensitivity of 
the model to this parameter can be evaluated by comparing this simulation with 
the one presented in Figure 6.15b where a value of b = 0.38h was used. The 
shapes of the two signals are completely different. Note also that the steady
state fundamental frequencies of the two signals are different. This implies that 
the variation of the value of the parameter b has changed the locations of the 
transitions between operation in the different acoustic modes of the pipe. 

The results obtained in the first simuhttion is surprisingly close to the mea
surements considering the crude modeling of the early interaction of the jet with 
the labium. In these simulations the pulse associated with the initial volume in
jection into the mouth is clearly seen as well as the pressure drop associated with 
the vortex shedding during the initial contact of the jet with the labium. In the 
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simulations, the jet front position, which determines the moment of the impact 
between the jet and the labium, is calculated with the lower-limit approximation 
described in 6.6. In order to match the measurements, this front position had to 
be multiplied by a factor 1.5. Just after the initial volume injection, the measured 
and simulated signals differ slightly probably due to the early interaction of the 
jet with the labium which is not modeled properly in the simulation model. 

In Figure 6.16, the internal response pp(O) of the instrument at the entrance 
of the pipe is compared to the pressure signal Pm in the end correction associated 
with the mouth and which is radiated toward the "outside world". This example 
illustrates the difference in the frequency content of the internal and external 
signals and the importance of the radiation on the timbre of the instrument. 

6.8.2 Steady-state 

Playing amplitude 

A typical simulation result is presented in Figure 6.17 with the corresponding 
driving pressure input. This signal was obtained at the entrance of the pipe 
aµd corresponds to measurements performed under the labium. As expected, 
tlle playing amplitude is of the same order of magnitude as that of the dtiv'ing 
pressure signal. In this simulation, separation of the acoustic flow at the edge of 
the labium is taken into account by the model given by equation 6.26. 

It is interesting to evaluate the importance of the distance h,, and th~ non
linearity associated with the fl.ow separation at the the labium since they are 
the main features that distinguish our model from the widely accepted model by 
Fletcher (Fletcher and Rossing, 1991). In Fletcher's model, the flow separation 
at the labium is ignored. Furthermore, only the flow source Qi at the labium is 
considered. This is equivalent to assuming that the acoustic oscillations in the 
pipe are driven by a monopole rather than by a dipole. In the one-dimensional 
representation of Figure 6.1 this is equivalent to using a distance h,, between the 
flow sources Qi and Q2 equal to the total end correction hm. This brings the 
source Q2 "outside" the instrument and prevents it from performing acoustic 
work .. As can be observed from equation 6.7, this increases the efficiency of the 
jet-drive mechanisms. Simulation results obtained with a distance h,, hm and by 
neglecting fl.ow separation at the labium (6.pa = 0) are presented in Figure 6.18a. 
By comparison with the results of Figure 6.17, the playing amplitude has been 
increased by more than a factor four. Taking into account the vortex shedding 
reduces, as is seen in Figure 6.18b, the amplitude by a factor two. The effects 
of these two parameters on the playing amplitude is spectacular. Their relative 
influence, of course, depends on the amplitude of the driving pressure since the 
value of jet-drive 6.p3,, is proportional to the distance h,, while the amplitude of the 
pressure jump 6.pa varies with the square of the average acoustic velocity Q p/ Sm 
in the mouth of the instrument, Note that in these simulations, the jet velocity 
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Figure 6.14: a) Fast driving pressure rise measured in the foot .of the experimental flue pipe 
and b) corresponding pressure response Pv of the instrument measured under the labium. The 
dis~ance W between the flue exit and the edge of the labium was set to 4 mm and the vertical 
position of t~e labium was adjusted in the middle of the flue exit (Yo :;; 0). 



208 Chapter 6: A virtual recorder 

150 

100 

Pr> 
(Pa) 50 

Pr> 
(Pa) 

-50 

-100 

-150 

I 
-200~· ~~-'-~~--'~~~'--~~-L-~~-'-~~-'-~~-'-~~---' 

200 

150 

100 

50 

0 

-50 

-100 

-150 

-200 

0 0.005 0.01 0.015 0.02 0.025 . 0.03 0.035 0.04 

time (s) 

-250'--~~-'-~~-'-~~-L~~-'-~~---'~~~"--~~-'-~~~ 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 

time (s) 

Figure 6.15: Response of the one-dimensional simulation model to the driving pressure rise 
shown in Figure 6.14. a) The width parameter b of the jet model is adjusted to 0.35h; cb) 
b == 0.38h. In both simulations the distance 5a between the flow sources in the mouth of tire 
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U; was assumed to be independent of the value of the pressure Pm at the flue 

exit (U; :;;;;: )2P1 /po) in order to neglect losses associated with the jet velocity 
fluctuations which are not taken into account by Fletcher. It is anyway only 
sensible to take this effect into account when the playing amplitude is correctly 
predicted. When the fluctuations of the pressure Pm are too large, they result in 
jet velocity variations allowing the jet to have a negative velocity! The physical 
model, as implemented, could not resist such a dramatic event. 

Dimensionless amplitude 

The discussion of Chapter 2 showed that a fundamental characteristic of flue 
instrument is the dependency of the dimensionless amplitude of the fundamen
tal of the oscillation with the Strouhal number only. In order to validate our 
simulation model, a dimensionless representation, similar to that presented in 
Chapter 2, was performed for a wide range of driving pressures. The amplitude 
p1(w1) and frequency f 1 of the fundamental oscillation in the pipe are shown as 
a function of the driving pressure Pi in Figure 6.19. Note that the transitions 
between the different acoustic modes of the pipe occur at lower driving pressures 
in the simulated responses than in the experimental data presented in Chap
ter 2. This behavior is not yet understood, but it may be linked to the length 
of the jet delay line or an uncertainty in the transverse position of the labium. 
The corresponding dimensionless amplitudes of the first and second harmonic are 
presented in Figure 6.20 as a function of the Strouhal number Stw = J.W/UJ· 
As was observed with experimental data, the curves associated with the different 
acoustic modes of the pipe collapse onto a single curve in a dimensionless repre
sentation. The general shape of this function as well as the value of its maximum 
are very similar to that presented in Chapter 2 and corresponding to measure
ments. The oscillation threshold of the simulations is slightly underestimated 
compared to the measurements, however, while the dimensionless amplitude of 
the oscillations is overestimated near this point. This can be explained by the 
fact that in the jet model used, the perturbations are assumed to grow exponen
tially with the distance travelled. In flow visualizations, such as that presented 
in Chapter 2, the jet appears to break down into vortices at very low blowing 
pressures. This nonlinear effect dearly limits the amplitude of the jet oscillations 
and is not taken into account by the model. 

This good agreement between the simulations and the measurements on most 
of the operating range of the model gives us confidence in its ability to determine 
the amplitude of the fundamental during steady-state oscillations. 

The amplitude a 2 of the second harmonic appears to be of the order of the 
experimental data measured when the transverse position of the labium is set to 
Yo = 0.27 (see Figure 2.17). This transverse position corresponds to a minimum 
in the production of the second harmonic (see Figure 2.27). It is interesting to 
note that the measured transition from the second to the third acoustical mode 
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Figure 6.17: a) Driving pressure signal Pt ui>ed as input of the simulat.ion model; b) cor· 
responding pressure response Pp(O) at the entrance of the resonator. In the simulation, flow 
separation at the edge of the labium was taken into account, the distance 6d :::: 3.5 mm, the 
ratio W/h = 4,the horizontal· position of the labium was adjusted in the middle of the flue exit 
(Yo = O), the width parameter b = 0.39h. 
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of the pipe does not appear in the simulations. This is due to the fact that the 
transition from a laminar to a turbulent jet was not taken into account in the jet 
oscillation model. This stresses the importance of the structure of the jet on its 
behavior. 

The effects of the flow separation model at the edge of the labium can be 
estimated from the results presented in Figure 6.21. In these simulations flow 
separation was neglected. Again the dimensionless amplitude of the fundamental 
displays a Strouhal number dependency. The collapse is, however, less spectac
ular than in Figure 6.20. The dimensionless amplitude is furthermore a factor 
two too large. This confirms the importance of the flow separation at the edge of 
the labium on the amplitude of the fundamental. Surprisingly, the dimensionless 
amplitude a 2 of the second harmonic is not affected when neglecting the flow 
separation. This implies that the second harmonic is not sustained, in the simu
lations, by the flow separation at the labium. This is in contradiction with our 
expectation that acoustically driven vortex shedding at the edge of the labium 
should provide energy for the second harmonic (see Chapter 2). 

Finally, a dimensionless representation of data obtained by moving the flow 
source Q2 "outside" the instrument ( i5d = i5m) is shown irt Figure 6.22. In these 

simulations, a constant jet velocity was used ( Uj = J2P1 / p0 ) in order to avoid 
negative jet velocities. The dimensionless amplitude o 1 of the fundamental is 
now almost an order of magnitude too high. This confirms the importance of the 
flow source Q2 located on the outer side of the labium. Clearly, the steady-state 
amplitude of the fundamental appears to be determined by the combination of 
the effects of the dipolar nature of the jet-drive and of flow separation at the edge 
of the labium. In these results, the amplitude a 1 is not a function of the Strouhal 
number only. This can be explained by the fact that the only loss mechanisms 
now considered in the model (friction and radiation) are frequency dependent. 
The dimensionless amplitude a 2 does not appear to be affected by the strength 
of the jet drive. 

Effects of the transverse position of the labium 

The linear jet oscillation model used in the simulations implies that a minimum 
of even harmonics should be maintained when the edge of the labium is aligned 
with the middle of the flue exit y0 = 0. This behavior was explained by Fletcher 
(1980) and Nolle (1983) and is due to the fact that in this configuration, the 
jet displacement at the labium is symmetric. For large amplitudes of the jet 
displacement, the jet-drive can then be assumed, in a first approximation, to 
have a square waveform, which means that it can only maintain odd harmonics. 
Displacing the edge of the labium breaks the symmetry of the jet-drive waveform, 
which enables the enrichment of the spectrum of the response of the instrument. 
This effect is clearly observed in the results presented in Figure 6.23 where the 
dimensionless amplitude of the first and second harmonic is plotted as a function 
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of the transverse position of the labium for a Strouhal number Stw = /1 W/Ui = 
0.2. These results are close to experimental measurements given by Fabre (1995) 
for the same Strouhal number. The amplitude of the fundamental is very close to 
the measurements while that of the second harmonic is predicted by the model 
within 20 %. In these measurements, however, the position of the "effective 
zero" of the transverse position y0 of the labium, where the amplitude a 2 has 
a minimum, is located approximately a distance 0.2h below the middle of the 
flue exit. The same effect was observed in the data presented in Section 2.9. 
As was then suggested, this could be associated to a nonlinear effect due to 
the interaction of the jet with the labium. This shift in the effective transverse 
position of the labium has important implications since this parameter determines 
the ratio a2/a 1 of the amplitude of the first and second harmonic. It can also 
strongly affect the attack transient. This suggests that when trying to match 
measurements, the transverse position of the labium should be shifted by 0.2h. 

The second hydr.odynamic mode of the jet 

In Chapter 2, oscillations of the experimental flue pipe on higher hydrodynamic 
modes of the jet was observed at low blowing pressures for large distance W be
tw~enthe flue exit and the edge of the labium. The influence of the distance W 
on the behavior of the jet model is illustrated in Figure 6.24 for a low blowing 
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pressure. In the first simulation, the distance W / h = 4 and the system oscillates 
on the first acoustic mode of the pipe and the first hydrodynamic mode of the 
jet. Because of the low blowing pressure, the amplitude of the jet displacement 
at the labium is smaller than the half width of the jet. In the second simulation, 
the same driving pressure is used but the distance W is doubled (Wjh = 8). 
The system still oscillates on the first acoustic mode of the pipe but now on the 
second hydrodynamic mode of the jet. The value of the response pp(O) is clearly 
overestimated when compared to the experimental data presented in Chapter 2. 
This behavior is due to the fact that in the linear jet model used, the jet oscil
lations are assumed to grow exponentially with the distance travelled. The flow 
visualizations presented in Chapter 2, of the jet oscillation on its second hydro
dynamic mode, show that it breaks down into discrete vortices before it reaches 
the labium which limits the amplitude of its motion. This nonlinear effect is not 
taken into account by the jet model. This limitation of a linear jet model was 
already pointed out by Fletcher (1976b). 

6.9 Conclusions 

Despite its simplicity, the one-dimensional model used in this chapter enables one 
to understand and simulate a surprisingly large amount of observations on the 
functioning of recorder-like instruments. The model reproduces quantitatively 
many of the results obtained from analytical calculations as well as the measure
ments performed on an experimental flue pipe presented in the previous chapters. 
The model is also adapted for sound synthesis since it can be implemented for 
real-time simulations. 

During the attack transient, the model is triggered by the initial volume in
jection into the mouth of the instrument and a simple model of the initial impact 
of the jet with the labium. The model is also sensitive to the steepness of the 
driving pressure rise which enables one to simulate the differences between a fast 
a slow attack observed in the measurements. 

During steady-state operation, the combination of our jet-drive model and 
the introduction of a simple flow separation model at the edge of the labium, 
enables one to reproduce the measured Strouhal number dependency of the di· 
mensionless amplitude a: 1 of the fundamental. The simulated function is very 
close to experimental results. As discussed in Chapter 2, this Strouhal num
ber dependency of the dimensionless amplitude appears to be very characteristic 
of flue instruments and is not predicted by the widely used model of Fletcher 
(1976b). The assumption of a dipolar jet-drive mechanism, introduced by Elder 
( 1973) and Colt man ( 1976) appears to be very important in order to predict the 
right playing amplitude. The strength of this jet-drive, and hence the amplitude 
of the steady-state oscillations, depends, in a one-dimensional representation of 
the instrument, on the distance {jd between the flow sources of this dipole. The 
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Figure 6.24: a) Pressure response Pp(O) obtained at the entrance of the pipe when the jet 
oscillates on its first hydrodynamic mode (W/h = 4) and b) on its second hydrodynamic mode 
(W/h = 8. In both simulations the driving pressure Pi = 25Pa. 
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value calculated in Chapter 4, in a potential flow approximation, appears to be 
very reasonable. This parameter was kept constant (8d = 3.5 mm) in all the 
simulations that have been presented. The simple model of the separation of the 
acoustic flow at the edge of the labium appears to be a good first estimate of 
the nonlinearity of the flow in the mouth of the instrument. This model should 
be refined, however, to take into account the interaction of the jet flow with the 
labium. 

1'he steady-state dimensionless amplitude of the second harmonic is underes
timated for driving pressures corresponding to a laminar jet. In the simulations 
however, the second harmonic does not appear to be maintained by separation 
of the acoustic flow at the labium as Was expected from observations made from 
flow visualizations. Furthermore, this simple model does not take into account 
the effects of the sharpness of the labium, which appears experimentally to be 
crucial for the generation of high harmonics (Castellengo, 1976; Nolle, 1983). 

The jet oscillation model is the main weakness of the global model. In the 
simulations, a modification of the original model was used in order to obtain a 
simple filter representation and to remove its singulari ty at zero frequency. The 
behavior of the model is very sensitive to the choice of the width parameter b of 
the jet. This parameter is critical during the attack transient since it determines 
the hydrodynamic amplification of the perturbations by the jet and hence the 
swiftness of the response of the model. During steady-state operation, this pa
rameter b slightly affects the playing amplitude, since it determines the amplitude 
of the source Q1 . The optimal value found in matching measurements performed 
on the experimental flue pipe described in Chapter 3 varied from b = 0.39h for 
slow transients to b = 0.35h for fast transients. These values are very close t.o 
those found in the linear analysis of Chapter 4 for measurements performed on 
the same flue pipe. This range of values is also very close to the theoretical 
value ( b = 0.4h) obtained by assuming a Poiseuille jet velocity profile at the 
flue exit. For a recorder the convergence of the canal results in a more uniform 
velocity profile which should shift the parameter b towards values of the order of 
b = 0.75h. 

The length of the delay line of the jet model also strongly affects the steady
state amplitude of the oscillation since it determines the operating frequency of 
the system and hence the amplitude of the pipe response. In our simulation 
model, its value was adjusted so that the combined phase shifts introduced by 
the jet amplification filter and this delay line fitted the experimental data by 
Colt man ( 1994) as well as possible. In the different simulations presented, its 
value was kept constant (0.6Uj/W). 

The jet model used predicts reasonable amplitude of the jet oscillations cinly 
for operation on the first hydrodynamic mode of the jet. This restrains its use 
to geometries having small ratios W / h such as found in recorders. Furthermore, 
it is assumed that the central jet velocity U0 is constant and therefore the model 
does not take into account the decrease of U0 induced by momentum transfer 
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with the surrounding air for large ratios Wjh. Finally, this jet oscillation model 
represents the motion of a laminar jet and might not be adapted to simulate the 
motion of a turbulent one such as found in large flue organ pipes (Bechert, 1976). 

The linear jet model used implies that a minimum of even harmonics should be 
generated when the edge of the labium is aligned with the centre of the flue exit. 
In the experimental data presented in Chapter 2, the effective transverse position 
of the labium appears to be shifted by about 0.2h. This shift is probably due to 
nonlinear effects during the jet-labium interaction. The effective position of the 
labium is important since it determines the spectrum of the produced sound. It 
also strongly affects the transient response and affects the oscillation threshold. 
It might seem logical to shift the transverse position of the labium by 0.2h when 
trying to match measurements. The problem, however, is complicated by the fact 
that the effective transverse position appears to depend on the Strouhal number. 

The simulation model used in this chapter is globally very satisfying in view of 
the number of approximations that it involves. Nevertheless, the range of uncer
tainty of its different parameters still leaves more latitude in the model response 
than we would wish. The determination of the optimal value of these parameters 
is complicated by the fact that they can be combined in different ways in order to 
obtain a given response. The range of variati()ns of these parameters has been re
duced enough to reproduce the main characteristics of recorder-like instruments. 
However, for a "fine-tuning" of the model, adjustment of the parameters is still 
necessary. This might in fact be inevitable. Craftsmen also have to do the fine
tuning of a recorder by trial and error. In our simulations we preferred to keep all 
the parameters constant and to adjust the parameter b. Finally, we again stress 
that this model appears to be well adapted to simulate recorder-like instruments 
and should be used with care when trying to simulate other flue instruments such 
as flutes and large flue organ pipes. 
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Conclusion 

The basic sounding mechanisms of recorder-like instruments have been investi
gated, from an experimental and theoretical point of view, with the objective of 
developing a numerical model that could be used for sound synthesis. The ap
proach adopted throughout this work was to try to find simplified representations 
of the complex physical phenomena involved. This is necessary in order to obtain 
efficient time-domain simulations. 

The characteristics of recorder-like instruments were presented in Chapter 2. 
The functioning specificities arising from their particular geometry were empha
sized. A dimensionless representation of experimental data shows that the am
plitude of the fundamental of the steady acoustic response of flue instruments is 
a function of the Strouhal number only, regardless of the acoustic mode excited. 
This universal behavior indicates that the saturation of the amplitude is due to a. 
nonlinear interaction of the jet flow with the acoustic flow which is not taken into 
account by the widely accepted model of Fletcher (1991). The small distance W 
from the flue exit to the labium found in recorders, implies a laminar jet. This, 
in conjunction with a low transverse position of the labium, provides an optimal 
harmonic to noise ratio. The typical ratio W / h, where h is the height of the flue 
channel, suppresses oscillation of the jet in higher hydrodynamic modes. 

The attack transient of a recorder-like experimental flue organ pipe and the 
steps of the jet formation were described in Chapter 3. The sensitivity of the 
response of the instrument to the steepness of the driving pressure rise was ex
plained in terms of inertial effects in the mouth of the instrument. The initial 
time-dependent volume injection of the jet flow into the instrument results into 
the formation of a pressure pulse at the entrance of the resonator. This, in com
bination with vortex shedding at the edge of the labium when the jet eventually 
hits the labium, provides the initial signal which triggers the response of the in
strument. For recorders 'and flutes, the player has in addition the possibility to 
give an acoustical impulse by impulsively closing the tone holes. The dampfog 
induced by the jet velocity variations during steady-state operation of the instru
ment is also estimated. This loss mechanism appears to be, in typical playing 

223 



224 Chapter 7: Conclusion 

conditions, as important as friction and sound radiation. 
The oscillations of the jet during steady-state operation of the instrument and 

the corresponding "jet-drive" of the acoustic oscillations in the pipe are consid
ered in Chapter 4. A linear jet oscillation model, based on the instability modes 
of an infinite jet having a top-hat velocity profile and a potential How model of 
the receptivity of the jet to the transverse acoustic field from the pipe, is pro
posed. This model suffers a severe drawback, however, since its amplification 
coefficient does not display a cut-off frequency. We therefore propose to modify 
the semi-empirical jet model of Fletcher (Fletcher and Rossing, 1991} by using 
the amplification coefficient and convection velocity of the perturbations on the 
jet given by Mattingly & Criminale (Mattingly and Criminale, 1971) and by cal
culating the width parameter b of the jet by conservation of the jet momentum. 
This modified semi-empirical model appears to fit measurements of the phase of 
the jet displacement at the labium by Coltman (Coltman, 1994}. It also predicts 
reasonably well the measured jet displacement at the labium obtained from fl.ow 
visualizations. The effect of the jet displacement at the edge of the labium is 
assumed, as proposed by Coltman (Coltman, 1976), to be equivalent to the pres
ence of two complementary fl.ow sources placed a small distance downstream of 
the edge of the labium. The drive provided by these two sources is evaluated 
within the framework of potential fl.ow theory. In a one-dimensional representa
tio'n of the instrument, it can be interpreted as a pressure jump across the mouth 
of the instrument. Finally, the behavior of the combined jet oscillation and jet
drive model is evaluated by a linear analysis of smooth attack transients. This 
model appears to predict the correct amplification of the perturbations, but is 
very sensitive to the value of the b parameter determining the velocity profile of 
the jet. The parameter b can vary between the limits 0.40h for a Poiseuille profile 
to 0.75h for a uniform velocity profile at the flue exit. In practice, the instrument 
maker adjusts this parameter b with the convergence of the flue channel. 

· The production of noise by turbulence in recorder-like instruments is treated 
in Chapter 5. The production of noise by a turbulent jet is first described in simple 
geometries that allow order of magnitude estimates based on Lighthill's formula
tion. This allows the understanding of the basic sound production mechanisms 
by turbulence. I.n the second part of this chapter, representation of turbulence 
noise sources are deduced from spectra measured on an experimental flue pipe 
and a one-dimensional model of the instrument. As expected from the presence 
of the edge in the jet fl.ow, the deduced broad-band sources present a dipola:r na
ture and their amplitudes therefore scale with the square of the jet velocity. This 
provides a simple simulation model when the Reynolds number Reh > 3000. For 
700 < Re < 3000, we expect the noise source to be intermittent because of the 
large amplitude of the jet motion. A more sophisticated model should therefore 
be developed. The maximum of sound production of the noise sources appears 
to be linked to the maximum instability of a plane jet. The situation is com
plicated, however, by the presence of chaotic "edgetone-like" feedback loops and 
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strong oscillations of transverse acoustic modes of the pipe maintained by the 
turbulent jet. 

The different elements presented in the first chapters are combined, in Chap· 
ter 6, for numerical simulations. The resulting model can be solved in real-time 
and could be used as a basis for a sound-synthesizer of recorder-like instruments. 
The numerical implementation was tested against the results of the linear anal
ysis of smooth transients presented in Chapter 4. The behavior of the model 
is then compared with measurements performed on the experimental flue pipe. 
The model appears to reproduce the main functioning features of the instrument. 
During the attack transient, the response of the model is triggered by the volume 
injection of the jet flow and a crude representation of the initial interaction be
tween the jet and the labium. During steady-state operation, the dimensionless 
amplitude of the fundamental displays the expected Strouhal number dependency. 

The ability of the model to predict the correct steady-state playing amplitude 
appears to be the result of the combination of the use of the jet-drive mechanisrh 
described in Chapter 4 and of a simple quasi-stationary model of the separation 
of the acoustic flow at the edge of the labium. The "distance" Sd between th~ 
flow sources Q1 and Q2 at the labium (in the one-dimensional representation 
of the instrument), determined in Chapter 4, appears to be of the right order df 
magnitude. This stresses the fact that the flow source Q2 located on the outer side 
of the labium belongs to the "acoustic world" of the instrument and must be taken 
into account. Using a monopole type jet-drive as irt Fletcher's model predicts 
a playing amplitude a factor 4 too high. In view of the Rayleigh-Helmholtz 
controversy (see Introduction) on the nature of the source at the labium. we 
choose a dipole source but for the opposite reason as Rayleigh: a monopole 
source placed at the edge of the labium is too efficient! Taking into account flow 
separation at the edge of the labium introduces a crucial nonlinear damping of the 
fundamental which is essential in order to obtain the particular Strouhal number 
dependency of its dimensionless amplitude (independent of the acoustic mode). 
Note that in our simulations, we did not ta.ke into account the "momentum 
drive" corresponding to the injection of momentum by the oscillation of the jet 
flow. The quasi-stationary model of this effect used in the literature is quite 
doubtful. Furthermore, our simulations confirm Coltman's experimental results 
(1981) , which show that it is a secondary effect. 

The jet model appears to be very sensitive to the value of the width param
eter b of the jet. This parameter determines the velocity profile of the jet and 
hence its stability properties. In our simulations, all the parameters of the model 
were fixed except for this width parameter b which was used for "fine-tuning". 
Ano,ther limitation of the model is that it does not accurately predict the genera
tion of second harmonic by the jet-labium interaction. A finer description of this 
interaction, which would take separation of the jet flow into account, appears to 
be nece,ssary. We also note that the transition points between operation on the 
different acoustic modes of the pipe are not properly predicted by the model. It 



226 Chapter 7: Conclusion 

is, however, reassuring to realize that the sensitive points of our model are also 
experimentally quite delicate. For example, the convergence of the flue channel 
and the shape of chamfers in recorders, which determine the jet velocity pro
file at the flue exit, strongly affect the behavior of the instrument. According to 
recorder makers, the shape of the edge of the labium and its position with respect 
to the axis of the flue channel, can drastically affect the sounding quality of the 
instrument. Finally, the transition points between the different acoustic modes 
of the pipe appear to be very sensitive to small details of the geometry of the in· 
strument. The experimental pipe we used was once modified and then readjusted 
to its previous configuration. Its transition points changed significantly although 
there were no measurable geometrical differences between the two configurations. 

The simple model we used in this work grasps some basic features of recorder
like instruments. It is however not a complete physical model in the sense that 
some of its parameters still require arbitrary adjustment. On the basis of physical 
arguments, however, the range of variation of these parameters has been reduced 
enough to simulate directly basic features such as the correct playing amplitude. 
This is, in view of the existing literature, a significant step forwards. In particular, 
our virt.ual recorder is triggered "naturally" by its reaction to the driving pressure 
signal'. This may seem straightforward, but published models, such as that by 
Mcintyre et al. (1983), need to be triggered by an additional impulse. 

We could hope from a physical model that it would simulate directly all the 
perceptible features of the tone of an instrument. We would like it to also ac
count for the subtleties of the work of the instrument maker which determine the 
quality of an instrument. In the case of flue instruments, reaching this 'level of 
modeling would necessitate research on three main points. First, the separation 
of the jet flow and the acoustic flow at the labium would have to be described 
in more detail. This involves in fact the development of accurate fluid dynamic 
models of the flow separation. A very difficult task indeed which constitutes a 
long term project. This appears to be important in order to determine the spec
trum of the tone of the instrument and its response during the attack transient. 
The effect of the convergence of the flue channel, which determines the velocity 
profile at the flue exit and its influence on the jet motion, appears to be important 
as can be concluded from the great sensitivity of our simple model to the param
eter b. Simple quasi-stationary models of the flow in the flue channel, combined 
with hot-wire measurements, could already provide a support for a more accurate 
model. This could be done on a relatively short term. Finally, the interaction 
of the transverse acoustic field from the pipe with the jet flow at the edges of 
the flue exit, the receptivity problem, would have to be reformulated in order to 
understand and model the effects of chamfers (or the lips of a flute player) on the 
behavior of the jet. In order to be meaningful this would probably involve the de
velopment of a nonlinear jet model describing the formation of vortices, as cle!ll'ly 
observed for higher hydrodynamic modes. Our current level of understanding of 
these phenomena and the results of this work, show that their theoretical study 
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and simulation should be carried out in parallel with experimental work . 
. One has to be very careful, however, when trying to improve the model. 

Describing in more detail a particular phenomenon might not be useful for the 
overall model if its other features have not been described with the same level 
of accuracy. It could even worsen the behavior of the model. For example, 
taking into account the effects of the jet velocity fluctuations without considering 

. varicose oscillations modes of thejet led (see Chapter 6) to catastrophic results! 
In this sense, it probably does not make sense to treat accurately the receptivity of 
the jet at the flue exit and still use a linear jet oscillation model, or to neglect the 
influence of the jet-labium interaction on the jet motion. A detailed description 
of the interaction of the flow with the edge of the labium should also include the 
effects of the laminar-turbulent transition. 

Some of these effects can.only be studied by direct simulations. From a sound 
synthesis point of view, this approach is not interesting. Developing simple and 
efficient models of. these phenomena, and bringing out their essential features, 
first implies their thorough understanding. This suggests that reaching a "second 
order" level of modeling should involve important research efforts and it is not 
obvious that such a project can be finalized. In this sense, our "first order" 
physical model of recorder-like instruments is interesting, since it can already 
be adapted for musical applications. It can also be used, in conjunction with 
perceptual studies, to determine the relevance, from a musical point of View, of 
a detailed description of some parameters of the instrument and therefore orient 
further research. 
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Abstract 

The objective of this work is to develop a model of the sounding mechanisms of 
recorder-like instruments based on a description of the flow in the mouth of the 
instrument. The approach adopted throughout this work is to develop simplified 
models of the complex phenomena involved which allow analytical calculations 
and efficient time-domain simulations. Flow visualizations and pressure mea
surements performed on an experimental recorder-like flue organ pipe are used 
in order to investigate the different sound production mechanisms. A general 
description of recorder-like instruments is first given with a discussion of their 
functioning characteristics. This is followed by a study of the attack transient. 
The steps of the jet formations are described with the help of flow visualiza
tions. The sensitivity of the initial response of the instrument to the steepness of 
the driving pressure rise is explained in terms of the jet flow acceleration. The 
problem of the steady-state jet oscillations and their control by the acoustic field 
from the resonator of the instrument is then treated. The "drive" of the acous
tic oscillations .by the motion of the jet is represented, within the framework of 
potential flow theory, by a pressure jump across the mouth of the instrument. 
Noise production by turbulent jets is then considered and a simple model of tur
bulence noise is deduced from internal pressure spectra measurements. Finally, 
these elements are combined into a one-dimensional model of the instrument 
for numerical simulation. Results are presented and compared to experimental 
data. The sensitivity of the response of the model to its different parameters 
is discussed. This model allows real-time simulation of the acoustic response of 
recorder-like instruments and reproduces many features of the internal acoustic 
pressure response measured in the experimental flue pipe and recorders. It could 
therefore be used as a basis for sound synthesis of recorder-like instruments by 
physical modeling. 
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Samenvatting 

Het doe! van dit werk is de ontwikkeling van een model voor geluidsproduk
tiemechanismes van blokfluitachtige instrumenten, welke is gebaseerd op de beschri
jving van de stroming in het mondstuk van het instrument. De benadering, welke 
in dit gehele werk wordt gevolgd, is bet vinden van zodanige vereenvoudigingen 
van de ingewikkelde verschijnselen, dat analytische berekeningen en efficiente nu
merieke simulaties kunnen worden toegepast. Om de verschillende geluidsproduk
tiemechanismes te onderzoeken, zijn zichtbaarmakingstechnieken en drukmetin
gen uitgevoerd aan een experimentele blokfluitachtige orgelpijp. Allereerst wordt 
een algemene beschrijving gegeven van blokfluitachtige instrumenten en een be
spreking van de werking. Vervolgens wordt de aanspreekgevoeligheid van het 
instrument voor de versnelling van de stroming - tijdens de aanzet van de toon 
- besproken, waarbij tevens de stappen in de ontwikkeling van de stroming. Dit 
wordt gevolgd door een onderzoek van een konstant ocsillerende straal en de 
daarmee samenhangende aandrijving van het akoestisch veld in de resonator. 
Verder wordt een beschouwing gegeven van de ruisproduktie door turbulente 
vrije stralen en wordt een eenvoudig bronmodel voor turbulente ruis afgeleid 
uit spectra-metingen. Deze elementen worden tenslotte samengevoegd in een 
eendimensionale beschrijving van het instrument voor numerieke simulatie. De 
resultaten hiervan worden getoond en vergeleken met de experimenteel verkregen 
gegevens; de gevoeligheid van het instrument voor de verschillende parameters 
wordt tevens besproken. Dit model laat simula.tie in het tijd domeind toe en voor 
de interne drukresponsie vertoont het veel overeenkomst met blokfluiten. Daarom 
kan het worden gebruikt als basis voor geluidssynthese door fysisch modelleren 
van blokfluitachtige instrumenten. 
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, , 
esume 

L'objectif de ce travail est de developper un modele physique de fonctionnement 
des instruments a embouchure de flute, base sur I.me description de l'ecou!ement 
clans la bouche de !'instrument. L'~pproche adoptee clans le cadre de Cf tra· 
vail consiste a representer les differents mecanismes de production de soh par 
des modeles.analytiques simplifies qui permetterit d'obtenir des sirrtulatiohs ef
ficaces dans le domaine temporel. Le fonctionnement de ce type d'instrument 
est etu.die a !'aide <le visualisations d'ecoulement et de mesures de signaux de 
·pression effectuees sur un petit tuyau d'orgue experimental. Le travail debute 
par une description generale du fonctionnement des instruments a embouchure 
de flute et de leurs principales caracteristiques. Ceci est suivi d'une etude sur 
le transitoire d'attaque. Les elapes de la formation du jet sont decrites a 1raide 
de visualisations d'ecoulement. De plus, !'influence de la montee de la pression 
d'alimentation sur la reponse initiale de !'instrument est expliquee en terme de 
!'acceleration de l'ecoulement du jet. Le travail traite ensuite de la modelisa
tion des oscillations du jet en regime stationnaire ainsi que de leur interac;tion 
avec le champ acoustique du resonateur. Ce mouvement d'oscillation du jet est 
represente, dans le cadre de la theode des ecoulements potentiels, par un satlt de 
pression clans la bouche de !'instrument qui perrrlet d'entretenir les oscillations 
acoustiques clans le resonateur de !'instrument. La production de bruit par un jet 
turbulent est ensuite consideree et un rnodele simple de source de bruit de turbu-

. lence est deduit a partir de spectres de signaux internes de pressiori. Finalement, 
ces differents elements soot combines en un modele de simulation numerique base 
sur une representation unidimensionelle de !'instrument. Des resultats de simu
lation soot presentes et compares a des mesures. Le modele permet de simuler 
en temps reel la reponse acoustique de !'instrument et de reproduire les princi
pales caracteristiques de mesures de signaux internes de pression effectuees sur 
le tuyau d'orgue experimental et des flutes-a-bee. Ce modele peut done servir de 
base pour la synthese sonore d'instruments a embouchure de flute. 
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• The jet flow passing a.hove the la.hium of a. flue instrument is pa.rt of the 
"acoustic world" of the instrument. 

Coltman, J.W. (1969). Sound ra.dia.tion from the mouth of a.n orga.n pipe, 
J. Acoust. Soc. Am., 46:477. 

Elder, S.A. (1973), Edgetones versus pipetones, J. Acoust. Soc. Am., 
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• The flute model proposed by Mcintyre et al. is sta.hle for linear perturba
tions a.nd ca.n therefore not predict the a.uto-oscilla.tions of the instrument. 
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thesis, Universite du Maine, Le Ma.ns, Fra.nce. 

• In the literature, much attention is given to the Helmholtz-Rayleigh con· 
troversy concerning the na.ture of the driving source in flue instruments. As 
Helmholtz a.ctualiy considered both a. monopola.r a.nd a. dipola.r source, one 
should ra.ther speak of the Helmholtz-Helmholtz contreversy. 

Helmholtz, H. (1885), On the Sensation of Tone, Dover, New-York. 

Lord Rayleigh, (1894), The Theory of Sound. Dover, New-York. 

Fa.hre B. (1992), La. Production de Son da.ns Jes Instruments a Embouchure 
de Flute: Modele Aero-Acoustique pour la. Simulation Temporelle. PhD 
thesis, Universite du Ma.ine, Le Ma.ns, Fra.nce. 

• The statement of Fletcher saying tha.t "while vortices a.re undoubtedly pro
duced by the jet in a.n orga.n pipe, their presence seems to be a.n incidental 
second-order effect ra.ther tha.n a. basic feature of the mechanism", is true 
if one is not interested in the sound produced by the instrument. 

Fletcher, N.H. (1979), Air flow and sound generation in musical wind in
struments, Ann. Rev. Fluid Mech. 11, 123-146. 

• Experiments on the trombone contra.diet the statement of Lord Rayleigh 
tha.t shock wa.ves cannot exist. 

Lord Rayleigh (1894), The Theory of Sound. Dover, New-York. 

Hirschberg, A., Gilbert, J., Msalla.m, R., Wijna.nds, A.P.J. (1995), Shock 
wa.ves in the trombone, Submitted to J. Acoust. Soc. Am. 



• It is not necessary to understand the physics of a musical instrument to be 
a virtuoso player. 

Rampa!, J.P. (1978), La Flute, Denoel, Paris. 

• A large convergent gradient-index lens could in principle be obtained by 
radial mass diffusion in a cylinder filled with liquid. The necessary refrac
tion index gradient should however be induced without density gradient in 
order to avoid natural convection. 

Verge, M.P., Borra, E.F. (1991), Liquid GRIN mirrors: a detailed analysis, 
Pub. Astron. Soc. Pac., 103:577-581. 

• The aeroacoustics of an astronomical observatory imposes a limitation on 
the use of liquid mirrors for telescopes. 

• The uncertainty in the geometry of the flow channel and in the position of 
the probe prevents an accurate quantitative comparison between a theory 
and in-vivo hot wire measurements performed in the vocal tract of dogs. 
Such experiments therefore have a limited value and should not, following 
the guiding principles of the Acoustical Society of America, be undertaken. 

• Since fish appears to be a unifying factor for the Canadians, the 1st of April 
should become a public holiday in Canada. 

The "fish war" between Canada and Spain, spring 95. 




