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Flow visualization of the initial transient in a small recorderlike 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. This effect is related 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 
chance that the jet will hit the labium. This initial impact is followed by an impulsive vortex 
shedding at the labium and subsequently a high-frequency varicoselike oscillation is observed on 
the jet. This oscillation is also observed without labium. After about three periods of the 
fundamental mode of the pipe, turbulence appears therefore destroying these coherent 
structures. Whereas the time dependency of the jet velocity dominates the first stage of the 
starting transient, the jet velocity fluctuations during steady-state 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. 

PACS numbers: 43.75.Np, 43.28.Ra 

INTRODUCTION 

The aim of the present research is to develop physical 
models of flutelike 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 ini- 
tial transient. Indeed, this regime appears to be crucial 
from the point of view of perception and therefore repre- 
sents an important element of a good simulation. We con- 
centrate 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 en- 
trance. In order to describe our observations of the re- 

sponse of the pipe during the first phase of the initial tran- 
sient, 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 in- 
teresting 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 excita- 
tor, the jet-edge system. 1-4 The jet itself is assumed to be a 
linear amplifier which responds to the acoustic flow at the 
flue exit. The nonlinearity 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 the- 
ory is considered to be fairly accurate, it nevertheless fails 
to predict important parameters' The predicted blowing 
pressure threshold for steady-state oscillation is approxi- 
mately a factor three too high 5 and the amplitude of the 
fundamental mode of the acoustic oscillation is overesti- 

mated by one order of magnitude. 6 
The study of Fabre 6 shows that acoustically induced 

vortex shedding at the labium, which corresponds to the 
amplitude dependency of the mouth impedance reported 
by Coltman, 7 constitutes a very crucial nonlinear damping 
much more important than the linear visco-thermal or ra- 
diative losses considered by Fletcher. 2'5 As suggested by 
Fabre, this impulsive vortex shedding at the labium which 
occurs at high blowing pressure also largely determines the 
generation of higher harmonics and hence, the musical 
quality of the sound. In this sense, the use of a vortex 
sound theory focusing on the flow around the labium, as 

1119 J. Acoust. Soc. Am. 95 (2), February 1994 0001-4966/94/95(2)/1119/14/$6.00 ¸ 1994 Acoustical Society of America 1119 



sliding valve 

diaphragm ?ue exit 
•x. •/ / foot / .labium 

20 75 20 4 279 

FIG. 1. Experimental organ pipe (dimensions in mm). 

proposed by Howe, 8 appears to be a powerful approach. 
However, the vortex shedding yields a damping of the fun- 
damental rather than an amplification as suggested by 
Howe. The experimental measurements presented in this 
paper will show that vortex shedding at the labium also 
drastically affects the initial transient. We will however 
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. 

I. EXPERIMENTAL PROCEDURES 

In our experimental study, at the Eindhoven Univer- 
sity of Technology, we have used a small organ pipe with a 
geometry typical of dutch street pipe organs and renais- 
sance 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 reasons of simplicity, we 
have also chosen a geometry with sharp edges and a 
straight flue channel. This does not correspond to a musi- 
cally optimal configuration. Nevertheless, the features de- 
scribed 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 Fig. 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 ø 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 cm 3. It is connected to the 
mouth of the pipe by a 20-mm-long channel of variable 
height h and whose width H is the same as that of the pipe. 
At the flue exit, the height h e 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 mm 2. 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 mm 2. 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 an 8-mm-diam cir- 
cular diaphragm covered 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 pf 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-Zsettling 
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 m 3. The room in which the setup is 
placed has a volume of 47 m 3. 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. 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 •- of the pressure 
pf is then of about 0.5 ms and the experiment can be re- 
produced accurately. For a smoother pressure rise (•-• 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 pf 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 gauges (type PCB 116 A). 
The gauges are mounted flush in the walls and their posi- 
tion is shown in Fig. 1. The charge delivered by the gauges 
is amplified by means of charge amplifiers (Kistler type 
5007, with a bandwidth extending between 0.1 Hz and 22 
kHz) and transmitted to a digital memory (8 bits, 2048 
samples) for further analysis with a PC. The pressure 
gauges were calibrated with an accuracy of 1%. Flow vi- 
sualization through glass windows placed around the 
mouth are done using a Schlieren technique. 9 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 CO2 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 pf. For each experiment, a single 
picture of the flow is taken at a given instant determined 
with an accuracy of 10 ps. This procedure is then repeated 
for different delays in order to obtain the series of pictures 
shown in Figs. 4-6. As noted above, when the valve is 
driven by the crossbow the transient can be reproduced. 
For manual openings of the valve, the sequence of pictures 
shown do not correspond to identical pressure signals and 
can only be compared qualitatively. However, the differ- 
ence between the two types of transient is so dramatic that 
even such a comparison is interesting. Please note that as 
pure CO2 is used, the gas density in the flue 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 CO2). However, the organ 
pipe itself is free from CO2 so that its acoustical properties 
are not modified. Furthermore, experiments and theoreti- 
cal analysis by Fabre 6 show that CO2 injection does not 
significantly modify the sound production in the pipe. 

1120 J. Acoust. Soc. Am., Vol. 95, No. 2, February 1994 Verge et aL: Jet formation in a flue 1120 



300 

2OO 

p! lOO 

(Pa) 

-lOO 
o 

(a) t(•) 

i i i 

250 .... 

150 

5O 

Pp 

(Pa) -50 

-150 

-250 
0 0.02 0.04 0.06 0.08 0.1 

t(•) 

(b) 

FIG. 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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FIG. 3. Measured pressure signal for a slow valve opening: (a) in the foot 
of the pipe; (b) at the entrance of the pipe. 

II. PRESSURE SIGNALS 

The initial rise of the pressure pf 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 Figs. 2 (a) and 3 (a). 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 Fig. 2(a), 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 re- 
sponse 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 
traveling in the resonator (about 2 ms for our experimental 
flue pipe). Hence we have, with the mechanical and man- 
ual opening of the valve, two sets of experiments corre- 
sponding to extreme situations. In typical playing condi- 
tions, the rise time is expected to lie within these two 
limits. •ø 

Measurements of the pressure signal pp at the pipe 
entrance corresponding to the driving pressure histories of 
Figs. 2 (a) and 3 (a) are shown in Figs. 2 (b) and 3 (b), 
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 pres- 

sure 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 Figs. 10(b) and 11 (b), this pulse reproduces 
well and its magnitude appears to correspond to the theo- 
retical 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 reg- 
ular 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 an exponential growth of the oscillation, 
saturation occurs along with a shift towards a lower acous- 
tic mode of the pipe. 6'mq2 Below 190 Pa, our experimental 
flue pipe sounds at its fundamental mode under steady- 
state conditions, while above 270 Pa the second mode pre- 
vails. It is interesting to note that the amplitude of the 
steady-state pressure signal pp is comparable to the average 
pressure pf in the foot. As will be seen in Sec. IV E 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 
clearly seen on the pressure signals of Figs. 2 (a) and 3 (a), 
where an oscillation of the same frequency as that of the 
acoustic signal in the resonator is observed. 

The pressure history for a manual opening of the valve 
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FIG. 4. Flow visualization at the mouth of the pipe for the steep pressure rise in the foot of the pipe. The different pictures were taken 1.69, 1.98, 2.49, 
3.03, 3.50, 4.13, 4.44, 5.12, and 5.56 ms, respectively, after the 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 observ- 
able. 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 acous- 
tic 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 pressure rise 
measured in the mouth of the musician. ]3 It is very inter- 
esting 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. 

III. FLOW VISUALIZATION 

The flow visualization corresponding to the driving 
pressure signals of Figs. 2 (a) and 3 (a) are shown in Figs. 
4 and 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 Figs. 4 
and 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. Ini- 
tially, the two vortices grow independently and their paths 
make an angle of about 45 ø with the flue axis. After the 
vortices have traveled a distance comparable with the flue 
exit width h e , the horizontal velocity which they induce on 
each other becomes dominant. The two vortices travel to- 

wards 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 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 distribu- 
tion at the flue exit; a more quantitative discussion of this 
effect is given in Sec. V B. 

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 inter- 
action 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 gen- 
erates an acoustic wave at the entrance of the pipe since it 
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FIG. 5. Flow visualization at the mouth of the pipe for the slow pressure rise in the foot of the pipe. The different pictures were taken 2.5, 4.0, 5.5, 7.0, 
8.5, and 10.0 ms, respectively, after the opening of the valve. 

results in the shedding of a vortex. 14 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 trigger- 
ing of the transient. It is however difficult to relate system- 
atically the various flow observations to a particular pres- 
sure response. Indeed, the flow complexity is further 
increased by the appearance of a varicose type oscillation 
of the jet with a frequency close to the most unstable fre- 
quency of a planar jet as observed by Sato15 
(Sr=fhj/vj=0.23, where Sr is the Strouhal number, hj 
the jet height, f the frequency, and vj the jet speed). This 
oscillation around 3 to 4 kHz may correspond to an edge- 
tone feedback loop. 16 While, as is seen in Fig. 6, similar 
instabilities are observed also in experiments in the absence 
of a labium, there is a clear correlation between the onset of 
these instabilities and the contact of the jet with the la- 
bium. 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 first 
transversal pipe mode. This contrasts with earlier 
experiments 17 where we did observe such a high-frequency 
response during the initial transient. Nolle10 and 
Castellengo •8 have also observed high-frequency bursts 
during the first milliseconds of organ pipe and recorder 
responses which may be related to an edge-tone phenom- 
enon. In particular, Castellengo obtained such bursts in a 
recorder both with and without a pipe. 6 

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 estab- 
lished, transversal oscillations of the jet are observed. Be- 
cause we consider here an asymmetric labium position, the 
jet only interacts with the edge of the labium 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 nonlinear interaction between the jet 
and the labium even for an oscillation amplitude small 
compared to the jet width. This nonlinearity certainly 
strongly encourages the oscillation of higher-order modes 
of the pipe during the initial phase of the transient. 

(b) (c) 

FIG. 6. Flow visualization of the forming jet without labium (only the upper wall of the pipe is removed). 
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IV. PIPE RESPONSE TO JET VOLUME FLUX 

A. Simple acoustic model 

Our analysis of the effects of the initial volume injec- 
tion into the mouth of a flue organ pipe is based on the 
simple one-dimensional acoustic model presented in Fig. 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 $m of this tube is equal 
to that of the mouth and its length/3 m 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=--•in with x an axis parallel to the tubes. Flow and 
pressure continuity is assumed at the interface between the 
two tubes. 

The end correction 6m can be determined theoretically 
by assuming that it consists of three terms: 19 

•m•c-•-•ent-•r . (1) 

The first term /3 c is the contribution due to the mouth 
constriction. If we consider this constriction as a dia- 

phragm with an opening of rectangular surface WH placed 
asymmetrically in a pipe of cross section//2, we can cal- 
culate the correction /3 c with the expression proposed by 
Morse and Ingard: 2ø 

4 (1 rrW 1 rrW) •c=• Wln •tan-•-•+•cot-•-• . (2) 

The second term/3 e represents the effects of the glass win- 
dows placed around the mouth and acting as ears. In our 
experimental pipe, they exceed the flue exit axis by a length 
1e=9.5 mm and delimit a surface approximately equal to 
that of the pipe. The last term •r corresponds to the inertia 
of the flow at the end of the glass windows. 

In order to express the end corrections /3 e and •r 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 AI having a cross section Sp into an end 
correction 6 of cross section Sm: 

Srn tan koAl 
/3- (3) 

where ko=co/c o is the wave number, with Co the speed of 
sound in air. Equation (3) can be deduced from a low- 
frequency approximation of the resonance condition of the 
acoustic model of Fig. 7: 

$P ko•m tan k0( Lp+ •)= --•mm ' (4) 

where 5p is an end correction at the passive extremity of 
the pipe. Measurements by means of a two-microphone 
method show that our experimental pipe shows a ranged 
pipe behavior with 5p equal to 21 

(5) 
Finally, using Eq. (3) and assuming a flanged pipe behav- 
ior at the mouth, we obtain for the end corrections/•e and 
•r: 

S m tan kole 
•e-- •, (6) 

S• tan ko(0.82 x/H2/•r) 
•r--sp k0 . (7) 
The values of the total end correction 6m at the mouth 

calculated from Eqs. ( 1 ), (2), (6), and (7) are shown in 
Fig. 8 for the fundamental passive resonance frequency of 
our pipe and different ratio W/H. They are compared with 
the corresponding experimental values of the end correc- 
tion of the mouth deduced from the measurement of the 

passive resonance frequencies fres of our experimental 
pipe, Eq. (3) and the following: 

(co ) Al: 2 ires --Lp--•p ' (8) 
The calculated values are fairly accurate and predict the 
dependency of the end correction with the mouth geome- 
try. 

The end correction associated with the mouth of the 

acoustic model of Fig. 7 was calculated from Eq. (1) for 
the fundamental passive resonance frequency of our pipe. 
In Table I we compare the resonance frequencies of our 
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TABLE I. Measured and calculated passive resonance frequencies of our 
experimental organ pipe. 

Measured resonance Resonance frequencies Resonance frequencies 
frequencies calculated with Eq. (4) with losses 

(Hz) (Hz) (Hz) 

514 514 514 

1057 1044 1044 

1597 1591 1592 

2157 2152 2154 

2741 2720 2725 

3292 3294 3303 

3913 3871 3886 

4460 4450 4472 

5063 5031 5062 

5657 5613 5653 

6240 6195 6247 

model calculated with Eq. (4) and the measured passive 
resonance frequencies of our experimental pipe for a ratio 
W/H=0.2. We also include in Table I resonance frequen- 
cies obtained by taking into account radiation and visco- 
thermic losses. These frequencies correspond to the min- 
ima of the impedance curve at the end of the tube and were 
calculated by using a complex propagation constant 22 and 
the real part of the radiation impedances. These results 
show that the end correction 6m 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 6m will be considered to be constant. A very 
significant advantage of the theoretical model is that in 
analogy to Howe s we have a potential flow model which 
not only can be used to calculate global acoustical proper- 
ties of the mouth (like the end correction at the mouth) 
but also yields information about the nonuniformity of the 
flow. We will show that this model can also be used when 

considering the initial jet deflection (Sec. ¾ B). 

B. Jet velocity '• 

The key element in the acoustic model pres, ented 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 pp of the resonator and 
the flow distribution at the flue exit. These fegtures consti- 
tute 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 distri- 
bution 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 traveled 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 

23 
by applying the Bernoulli equation between a point at the 
entrance of the channel and a point at the flue exit. It is 

u) 

fast ol>en!ng -- ,<i 

-5 0 0 (')04 0.008 0.012 0.016 0.02 

FIG. 9. Jet velocity at the flue exit for a fast valve opening and a slow 
valve opening. 

further assumed that due to the flow separation (jet for- 
mation), the pressure at the flue exit is equal to the acous- 
tic pressure Pm in the mouth. Neglecting the air velocity in 
the foot of the pipe, the following relationship is obtained: 

•(•rn--•f) ] 2 
Po 8t + • pøvj=p f--pm' (9) 

where t is time, P0 is the air density, epm, epf, Pm, and pf the 
velocity potential and the pressure in the mouth and the 
foot of the pipe, respectively, and vj the jet velocity at the 
flue exit. In order to calculate the velocity potential differ- 
ence, the velocity v(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: 

pjhe 
v(Y)-h(y ) , 

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 he is its height at the flue exit. Using Eq. (10), 
the difference of potential between the entrance of the 
channel and the flue exit can now be written 

v(y)dy=vhe -l&, ( ) 
where l• is the effective channel length. For the geometry of 
our experimental pipe, a numerical evaluation of the inte- 
gral of Eq. ( 11 ) yields a length 1• of 2.7 cm. From Eqs. (9) 
and (11 ), the following relationship is obtained: 

dvj(t) 1 • 
pol• dt + • povj=p•-pm .. (12) 

Initially, the inertial term on the left-hand side of Eq. (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 Fig. 9. They were ob- 
tained numerically from Eq. (12) and the experimental 
data presented in Figs. 10 and 11. In both cases, the veloc- 
ity rises gradually; the integration effect of the inertia of the 
air in the flue channel constitutes a smoothing process of 
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FIG. 10. Measured and simulated pressure signal for a fast valve opening: 
(a) measured pressure signal in the foot of the pipe; (b) measured pres- 
sure signal at the entrance of the pipe and corresponding simulated pres- 
sure signal. 

the driving pressure fluctuations. In the rest of this paper, 
the jet volume flux Qj will be estimated to be equal to 
hellO./which neglects the influence of friction on the walls 
of the flue channel. The order of magnitude of the error in 
Qj due to friction is 2 •-•fi-•/h e, where v is the kinematic 
viscosity of air and is equal to 1.5 X 10 -5 m2/s. This error 
is about 20% after 2 ms. 

C. Initial pipe response 

The first acoustic signal appearing on the pressure sig- 
nals p•, measured at the entrance of the pipe and shown in 
Figs. 2 (b) and 3 (b) is a small positive pressure pulse. This 
initial acoustic signal is more obvious on the pressure sig- 
nals of Figs. 10(b) and 11 (b), where a larger time scale 
and a higher driving pressures were used [see Figs. 10(a) 
and 11 (a)]. The formation of this pulse corresponds with 
the initial volume injection at the flue exit and is a conse- 
quence of the unsteady 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 origin, the mass conservation law gives 

Qj: Qout-l- Qin , (13) 

where Qj is the flow coming out of the flue exit, Qout the 
flow going towards the exterior of the pipe through the 
mouth and Qin the flow going inwards. The jet flow Qj is 
calculated with the Bernoulli equation. If nonlinear terms 
are neglected initially, which is valid for times such that 
inertia dominates, Eq. (12) yields: 

i 
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FIG. 11. Measured and simulated pressure signal for a slow valve open- 
ing: (a) measured pressure signal in the foot of the pipe; (b) measured 
pressure signal at the entrance of the pipe and corresponding simulated 
pressure signal. 

t90 S e dt =P f-Pm , (14) 
where Se=h•t is the cross section of the channel at the 
flue exit. Similar relationships are obtained by applying the 
Bernoulli equation between points located at the exterior of 
the mouth, the entrance of the pipe and the flue exit: 

•out dQout 
t90 S m dt •Pm , (15) 

•in dQin 
Po Sm dt •Pm--Pp, (16) 

where 6ou t and •in are the portion of the end correction •m 
on the left and fight of the origin and p•, is the pressure 
signal at the entrance of the resonator. The end corrections 
6out an, d 6in 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 flue exit is lo- 
cated in the middle of the mouth constriction, that •in is 
equal, to half of the end correction •c associated with the 
mouth constriction and that •out is equal to •m minus •in 
(•rn=•in-}-•out). For times shorter than a round trip time 
of a sound wave traveling in the resonator (about 2 ms in 
our pipe) and neglecting friction in the pipe: 

ipp• poCo( Qin/Sp).. (17) 
By using Eqs. (15)-(17) and the rise time r of the 

driving pressure rise to estimate the time derivatives (d•/ 
dt • •/r), the following relationship is obtained: 
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Qout •in COT Sm 
q-••. (18) 

•in • t•out •out Sp 
Typical rise times r in our experiments lie between 0.5 and 
10 ms which implies that, for our experimental conditions, 
most of the flow Qj 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, Eq. (18) shows that the fraction of 
the jet flow going outwards will increase, because of lower 
inertia, when decreasing the steepness of the driving pres- 
sure rise and inversely. This is in agreement with the ob- 
servations we made from the flow visualizations and en- 

ables to relate the jet trajectory to the steepness of the 
pressure rise. Prediction of the jet deflection based on this 
ratio will be l•resented in Sec. V B. We now make the 
following approximations: 

Qout • Qj, (19) 

Pm=Pp, (20) 

which are used in Eq. (15) to deduce the amplitude of the 
initial pulse: 

•O0•ou t dQj 
PP•'• S m dt ' (21) 

The pressure signal pp at the entrance of the pipe therefore 
depends on the time derivative of the jet flow Qj. Velocity 
profiles such as the ones of Fig. 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 Eqs. (14), (20), and (21 ), to express the pressure 
signal p• at the entrance of the pipe, for a given geometry 
of the mouth, as a function of the driving pressure pf only: 

pp•pf 1 +5•ut •e e . (22) 
For our experimental pipe, Eq. (22) is equivalent to 

pp=O.O6p/. (23) 

Using the data of Figs. 10(a) and 11 (a), the amplitude of 
the pressure pulses seen in Figs. 10(b) and Figs. 11 (b) and 
predicted by Eq. (23) are 42 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 dom- 
inated by inertia and does not take into account the reflec- 
tion of acoustic waves by the pipe. A more accurate model 
is presented in the following section. 

D. Pipe response including reflections 

The model presented in this section is based on the 
one-dimensional model shown in Fig. 7. The pressure Pm at 
coordinate x = --•in is determined by the value of the low- 
frequency approximation of the radiation impedance Zou t 
at the mouth: 24 

Zout = P0½0 r m + i • t•ou t (24) 

where co is the angular frequency, r m the radius of a circle 
having the same cross section as that of the mouth 
(•rr2rn = I4zH=Sm) and Sou t the end correction calculated in 
the previous section. Written in the time domain, by using 
inverse Fourier transform, Eq. (24) becomes 

poCo( lr•md2Qout 5out dQout) Pm = '•m -- • C-• •-• + C• d t ' (25) 
The pressure wave p• inside the resonator is represented by 
two progressive waves traveling along the x coordinate in 
opposite directions. In the frequency domain, it is equal to 

fi•= ( de -• + •e•)e •t, (26) 
where k is the complex propagation constant, d and • are 
complex amplitudes and are related by 

•=R(w)& (27) 

where R(w) is the reflection coe•cient. Using the 
x-momentum equation and •q. (26), the following expres- 
sion for the acoustic flow Qv inside the resonator is ob- 
tained: 

QP-Z•) (de-•-•e•)d•t' (28) 
where Zc(•) is the characteristic impedance of the pipe. 
Using Eqs. (26)-(28) we find a relationship•between the 
acoustic pressure • and the acoustic flow Qv inside the 
pipe: 

) Zc(•) Ov+R(•) •+• . (29) 
This expression can now be written in the time domain by 
using the convolution theorem: 

pv( o,t) =F- + F- ( )Zc), Qin 
+ r( t),pa( O,t), (30) 

where F -• denotes the inverse Fourier transform, ß 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, 22 which takes into account visco-thermic dissipa- 
tion in the resonator but neglects radiation losses at the end 
of the resonator: 

--aL e--[(aL)2/•(t--r)] for t>r 

r(t) = ra• (t--r) 3/2 ' 
0, for t<r, 

(31) 

with L = Lp + 6p, r= 2L/c0, rv = H/• and: 
[ (r-l) 

a= •0 ' (32) 
where loand l t are the viscous and thermal characteristic 
lengths (in air at 20øC, lo4.0X10 -8 m and 
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1t=5.6X 10 -8 m) and y is the Poisson constant, ratio of 
specific heats at constant pressure and volume, respectively 
(y= 1.4). One has to be careful with the use of this reflec- 
tion function for calculation of the flow in the pipe since 
this function will allow an arbitrary dc component of Qin. 
This behavior does not enable one 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. 25 

For the sake of simplicity, we assumed in our calcula- 
tions that friction has a negligible effect on the value of the 
characteristic impedance Z c and therefore that it is equal to 
poCo. We do not have, at the present time, a clear idea of 
the implications of this approximation on the solution of 
the problem. Equation (30) then simplifies to 

pp(0,t) =-•p ø Qinq-r(t).(-•p ø Qinq-lpp(O,t)), (33) 
which is similar to the expression proposed by Mcintyre 
et al. 3 

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: 

P6in dQp ( O,t ) 
Pm--Pp(O,t) -- dt ' (34) 
The flow Qj is computed from Bernoulli's equation 

[Eq. (12)] and the value of the pressure Pm in the mouth 
and pf in the foot of the pipe at the previous time step. The 
other parameters are found by solving simultaneously Eqs. 
(13), (25), (33), and (34). 

Simulations of the pressure signals at the entrance of 
the pipe obtained with this model are compared to the 
experimental data in Figs. 10(b) and 11 (b). In both cases, 
the amplitude of the initial pulse is close to that of the 
calculated pressure signal. Furthermore, the peak pressure 
is reached at the moment of maximum jet velocity varia- 
tion as we should expect (see Fig. 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 during the first milliseconds. Later on, 
in both cases, the pressure drops much more rapidly in the 
experimental data. Flow visualizations equivalent to the 
ones presented in Figs. 4 and 5 and corresponding to the 
pressure signals of Figs. 10 and 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 formation of vortices at the la- 
bium is only accurate before the jet touches the labium. 
The simulations that we present however yield a quantita- 
tive information on the importance of vortex shedding dur- 
ing the initial jet-labium interaction. 

E. Jet velocity fluctuations during steady-state 
operation 

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 fluctuations 
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 
pf in the foot. During steady-state operation, the amplitude 
of the pressure measured under the labium is approxi- 
mately equal to the mean pressure in the foot [see Fig. 
2(a)-(b), and Fig. 3(a)-(b)]. The amplitude of the pres- 
sure signal pm at the flue exit is estimated to be equal to 2/3 
of that of the driving pressure pf. This assumption is based 
on Coltman's 26 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 differ- 
ent variables are represented as the sum of a mean value 
(x) and a time dependant term x', Eq. (12) becomes after 
linearization 

dv• 1 
polc •- + • Po (vj) 2 + Po (vj) v) +p•, = {p f) +p•. ( 35 ) 
By separating the steady term and the first-order terms of 
the fluctuations in Eq. (35), the following relationships are 
obtained 

=•pO(Vj) , (36) •f) 1 2 

dø3 , 
polc •-+ po(Vj)Vj+P•n=P•. (37) 

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

Se(poV}q-p•n(Vj) )=-- Vf dt ' (38) 

where Vf is the volume of the foot and p•, and p• 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 fluctua- 
tions œ•. The main results of the analysis will be quite 
independant of this assumption. Eliminating the densities 
in Eq. (38) with the constitutive equation p'=Co2p ' and 
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combining this new equation with the time derivative of 
Eq. (37), the following relationship is obtained 

•-F r •--F eOoVj = - po---•c dt - poC2o P•n , (39) 
where 

r.o•--•f/c and r'- /c ' 
The foot therefore acts like a damped Helmholtz resonator 
with natural angular frequency Wo and a quality factor 
inversely proportional to the mean jet velocity. It is inter- 
esting to note that this simple model explains qualitatively 
the mouth response observed by Coltman. 27 

The damping factor, which is induced by the mean 
flow, is somehow unexpected since a loss mechanism was 
not assumed explicitly. The damping was in fact intro- 
duced when the pressure at the flue exit was assumed to be 
the same as the pressure œ,n at the mouth. Indeed, this is 
due to the formation of a jet corresponding to a Kurta 
condition 23 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 
Kurta condition is a trick which allows to include within 

the framework of a frictionless 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. 28 

The amplitude of the jet velocity fluctuations can be 
calculated from Eqs. (36) and (37). Assuming harmonic 
motion, x'=.•e i•øt, where :• is a complex amplitude, the 
following relationship is obtained: 

v"j (f f--fro) ( 1 -- •Sr) 
(vj) = 2(p/) (1 +Sr 2) ' (40) 

with 

Sr-- (vj) , (41) 
where Sr is the Strouhal number. For typical experimental 
conditions ((p f)= 180 Pa), the Strouhal number for our 
organ pipe is of the order of 5. This yields, assuming that 
the pressure fluctuations p5 in the foot can be neglected 
which implies that the playing frequency is far from the 
natural angular frequency o0 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 repre- 
sents about 20% of the amplitude of the total fluctuations. 
The flue channel length is seen to have a considerable in- 
fluenee on the amplitude of the jet velocity fluctuations 
since the Strouhal number is proportional to this parame- 
ter. When the channel length is decreased, the component 
of the jet velocity fluctuations out of phase with the acous- 

tic movement increases because of a smaller inertia in the 

channel. The volume of the foot is another parameter that 
can be used to control 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 (Pv'.) dissipated by the jet velocity 
fluctuations can be calculated from Eq. (40), experimental 
measurements of the pressure difference between the foot 
and the mouth of the pipe and the following expression' 

Se 
(Pv 3) r---•- Re (f*mg/) ß (42) 

A simple explicit formulation of the average power (P•,.) is 

found if the pressure variations in the foot can be neglected 
compared to the pressure variations at the mouth and if the 
fundamental is assumed to dominate. Furthermore, for our 
experimental pipe, the amplitude of the acoustic signal at 
the flue exit is estimated to be of the order of 2/3 of the 

mean driving pressure (p f). Using these approximations 
and Eqs. (36), (40), and (42), the following expression is 
found 

__ V/-2Se• f ) 3/2 
(Pv'.)r= ß (43) 

• 9 •0( 1 +Sr 2) 
The power dissipated by the jet velocity fluctuations in- 
creases nonlinearily with the driving pressure (p f) and 
decreases nonlinearly with the frequency. Calculations 
made from Eq. (43) for our experimental pipe and for a 
mean driving pressure {p f) of 180 Pa give losses of the 
order of 3 X 10 -4 W. 

The importance of the losses associated with the fluc- 
tuating jet velocity can be appreciated by comparing them 
to the loss mechanisms usually considered, that is to say 
the radiative and visco-thermic losses. The power radiated 
by the fundamental calculated by Fabre 6 for the same ex- 
perimental conditions as precedently, is equal to 8 X 10 -5 
W. For the fundamental the visco-thermic losses are ap- 
proximately three times as important as the radiative 
losses 6 which give 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-thermic 
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 p• are smaller than 
the pressure fluctuation Prn at the mouth. 

V. JET FORMATION TIME AND INITIAL DEFLECTION 

A. 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 able to 
determine the moment at which the forming jet reaches the 
labium. This can be done by different methods. Experimen- 
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FIG. 12. Experimental measurements of the horizontal position of the jet 
front with and without labium for a mechanical opening of the valve. 

tally, it appears that the labium has no influence on the 
front position before it reaches the labium. Measurements 
of the front horizontal position xf with and without the 
labium are presented in Fig. 12 and the 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 separa- 
tion at the flue exit and a uniform jet width. The front 
position (Xf)ma x is then given by a simple time integration 
of the jet velocity at the flue exit: 

f0 (Xf) max • Oj dT, (44) 

where the velocity vj is calculated for given pressure sig- 
nals pf and Pm by using the Bernoulli equation (see Sec. 
IV B). A lower limit is found by assuming that the flue exit 
acts as a point source of a potential flow Qj (t) flowing in a 
semi-infinite space. The jet front position (Xf)mi n is then 
given (in a two-dimensional representation) by the follow- 
ing relationship: 

d(xf)min ojhe 
i , 

dt W(Xf)mi n 

which is equivalent to 

(45) 

(X/)min = i)j dr = • (X/)ma x . (46) 

The front position (X/)ma x or (X/)mi n can therefore be 
calculated if the jet velocity is known. An approximation of 
the velocity vj is found for small times, such that the effects 
of inertia dominate, by keeping only the first term in the 
right-hand side of Eq. ( 12): 

;0 • (Pf--PmldT vj= \ pole ] ' (47) 
Assuming a constant foot pressure pf and neglecting the 
pressure Pm in the mouth, we obtain 

P/ d (48) ( X f ) max -- 2 pol c 
and 
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FIG. 13. Horizontal displacement of the jet predicted by different models 
for a mechanical opening of the valve and comparison with experimental 
measurements. 

(Xf)min •7TpO• c' (49) 

A better estimation of the front position is obtained by 
using a more elaborate two-dimensional model, called the 
second-order panel method, 29 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 deter- 
mined by integration of the velocity. 

The vortex front position calculated with those three 
methods as well as experimental measurements are pre- 
sented in Fig. 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. 

B. Initial jet deflection 

As was seen from the flow visualizations presented in 
Sec. III, the forming jet initially bends towards the exterior 
of the pipe. This deflection is stronger for a slow pressure 
rise in the foot than for a steep one. As was discussed 
previously, this jet behavior seems to play an important 
role in the triggering of the transient since it determines 
whether the jet will hit or miss the labium. In order to 
determine whether there will initially be a contact between 
the jet and the labium, the vertical position of the jet when 
it passes the labium must therefore be calculated. 

The jet deflection can be viewed as being a conse- 
quence of the asymmetric flow distribution between the 
exterior and the interior of the pipe. In Sec. IV C this flow 
distribution was explained in terms of the difference be- 
tween 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 Qin and Qout forces the 
jet to move towards the exterior of the pipe. The vertical 
distance traveled by the jet, when it reaches the labium, is 
therefore determined by the geometry of the mouth and the 
acceleration of the jet. 
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FIG. 14. Idealized geometry of mouth of an organ pipe used for confor- 
mal mapping: (a) actual geometry; (b) simplified geometry; and 
(c) z-plane configuration for calculations. 

It is possible, using the potential flow theory, to sim- 
ulate this jet deflection if we consider the mouth as a dia- 
phragm opening between a vertical wall and a half-infinite 
horizontal plane representing the labium. The model pro- 
posed here is very crude but nevertheless enables to repro- 
duce 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 Fig. 14 in the z plane into the upper-half of the 
w plane is found: 

z= T w+ , (5o) 

where W is the distance between the origin and the labium. 
The jet flow at the flue exit is represented by a point source 
Qj 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 histories shown in Sec. II can be calcu- 
lated by using the results of the acoustic simulations anal- 
ogous to the one presented in Sec. IV D. At every time 
step, the value of the point source and sink are replaced by 
the calculated value of the jet flow Qj and the portion Qin 
that goes into the pipe, hence, introducing the time depen- 
dency of the source and sink. At regular time intervals, 
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FIG. 15. Jet deflection predicted by potential flow theory for the fast and 
slow valve opening of the valve. The upper limit is calculated by assuming 
Qin---0 in the case of the slow valve opening. 

new particles are released at the flue exit. The deflection of 

the jet is found by plotting the position (dx,dy) of every 
released particle at the moment when the horizontal dis- 
tance traveled by the first one is equal to the distance be- 
tween the flue exit and the labium. 

Results obtained by using this method are shown in 
Fig. 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 Sec. IV D, the reflection function we 
use allows adc 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 dis- 
tance traveled 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, espe- 
cially in the case of steep pressure rise. The height differ- 
ence between the two curves at abscissa 4 mm is about 0.4 

mm. This value represents about half of the value observed 
in the flow visualizations presented in Sec. III, 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 corre- 
sponds to the calculation of the horizontal position Xmi n . 
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 (Qin=0). The up- 
per limit in Fig. 15 was calculated with this assumption in 
the case of a slow valve opening. More elaborated simula- 
tions, 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 Fig. 15, predicted jet deflections close to the 
experimental measurements but still a too small height dif- 
ference between the steep and smooth pressure rise. This 
constitutes a limitation of the simple acoustic model of Fig. 
7. Indeed, even though it is able to predict the amplitude of 
the pressure pulse due to the initial volume injection, it 
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only enables to describe qualitatively the initial movement 
of the jet. 

VI. CONCLUSION 

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 vol- 
ume injection into the mouth of the pipe which accompa- 
nies the formation of the jet provides the initial acoustic 
wave at the entrance of the resonator. The flow visualiza- 

tions 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 ex- 
terior 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 pres- 
sure rise. This is an important parameter to consider since 
it determines whether 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 tran- 
sient. 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 increase 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 har- 
monic content. Hence by using ears, the organ buider 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. 2'6 

During steady-state operation, the pressure variations 
at the flue exit were found to induce non-negligible jet 
velocity fluctuations. This phenomenon results into a 
damping mechanism that increases nonlinearly with the 
driving pressure. As the phase difference between the jet 
velocity fluctuations and the acoustic pressure at the 
mouth is determined by the inertia of the air mass in the 
flue channel, the length of this channel determines the im- 
portance of these losses. This could be a reason why re- 
corders generally have long flue channels. 
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