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Introduction
Is it possible to change the sound of the recorder by
changing the embouchure? This question is highly de-
bated among recorder players: Some players report to use
and teach such techniques for decades while other players
deny the influence of the vocal tract on the sound. More-
over it is not clear how the same instrument can produce
different sounds with different players.

The recorder itself is an instrument that still holds many
acoustic secrets: The sound is triggered by a feedback
loop consisting of an unstable jet which amplifies per-
turbations as they travel towards the labium [1]. In the
labium region, an acoustic pressure is generated. This
acoustic pressure is modulated by the resonator. Un-
til now, the phenomena pertaining to the generation of
the acoustic pressure are not entirely elucidated [2]. The
modulated signal returns to the origin of the jet and per-
turbates it. These perturbations are amplified and the
feedback-loop can start again.

When looking at possible ways how a recorder player
could alter the sound of the instrument while playing, it
is important to keep in mind that the governing equa-
tions are non-linear (see section “Method”). Thus, we
cannot expect a linear relationship with the players ac-
tions and we have to think outside of the box. There
are three methods discussed in the literature, how the
recorder player could influence the sound of the instru-
ment:

First, theoretical analysis suggests, that the air inside the
windway as the spring and the mouth cavity as the mass
could act like a Helmholtz resonator which is externally
driven by the sound of the recorder [3–5]. Hence, it could
be possible to change the frequency of the resonator by
varying the size of the mouth cavity. Depending on the
frequency and phase, different small perturbations on the
jet could be triggered which could change the recorder
sound in different ways: Theoretical analysis shows that
a lower frequency of an organ foot stabilises the oscilla-
tion [3]. Indeed, a CFD simulation shows a bigger and
more stable amplitude of the transient if the frequency
of an organ foot lies below the fundamental of the pipe
[6]. The situation of a phase shift between the mouth
cavity and the pipe is less clear. An experiment with an
artifical mouth cavity found a shift of the spectral cen-
troid depending non-linearly on the gain [4]. Moreover, a
lumped model shows a non-linear decrease of the ration
between the third and the second harmonic with a phase
shift close to π [5].

Second, as shown in an experiment, lumped models and a
CFD simulation, the sound of a pipe exhibits a hysteretic
behaviour [5, 7, 8]. If the blowing pressure starts from a

low velocity and is increased, the oscillation stays longer
in the first regime and the overblowing occurs at a higher
velocity than when starting at a high blowing speed and
decreasing it. In a short, one could say, that the recorder
likes to stay in the regime that is already sounding. This
means, for example, that some spectra can only be heard
with increasing velocity and not with decreasing it [8].

Third, a constriction in the vocal tract could create tur-
bulence which could alter the sound in two different ways
[9, 10]. This turbulence could create the broad band noise
between 6 and 8 kHz measured by [10]. The hypothe-
sis was derived from an investigation of the impedance
and sound spectra of a recorder virtuoso using two dif-
ferent vocal tract configurations. In this investigation,
the impedance amplitudes of the frequencies pertaining
to the glottis position remain the same across the play-
ing conditions, but there is a difference that hints to an
unknown constriction in the vocal tract. A possibility
for this constriction could be an altered tongue position.
Furthermore, the turbulence in the mouth cavity could
cause a pressure loss which would slow down the blowing
speed and therefore lower the fundamental [9]. Indeed,
the sound with extra turbulence required an additional
10% of blowing pressure to keep the same frequency. This
could alter the spectrum.

This third possibility to alter the sound of the recorder
by using turbulence in the mouth cavity has only been
described in an investigation of one recorder virtuoso.
Moreover, it is very hard to realize enough measuring
points in the moving mouth cavity of a player to re-
veal vortices. With the improvement of computers, fluid
simulations have been established to investigate flows in
organs and recorders during the last years [2, 6, 8, 11–
15]. Two dimensional fluid simulations require much less
computational power than simulations in 3D. They have
shown to be in good agreement with experimental data
concerning the general mechnism of sound production
such as the presence of an edge tone [12], overblowing
and hysteresis [16], [15] and shockwaves in the initial
transient [14]. On the other side, 2D simulations of flue
organ pipes and recorders are weak in predicting the ex-
act turbulence properties because the energy cascade in
2D produces bigger and more stable vortices than in 3D
[12]. Nevertheless, given the much lesser computational
effort of a 2D simulation, the present work examines as
a first step whether a 3D simulation of the influence of
a vocal tract constriction on the sound of the recorder
could be worth its effort.

Method
A recorder and vocal tracts with different constric-
tion conditions are investigated with the CFD software
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OpenFOAM®. This open source, C++ based software
uses finite volumes to discretizise the balance equations
for fluids, namely the conservation of mass and the non-
linear conservation of momentum equation. Additional
equations such as the energy equation and the equation
for perfect gases are needed to close the problem. A
two dimensional mesh is solved with a transient solver
for the first 70 ms of the sound. The procedure of the
simulation can be divided into pre-processing which con-
tains everything before the simulation, processing which
consists of the simulation itself and the post-processing
after the simulation. The detailed process how to set up
a simulation can be found at [17].

Figure 1: Mesh with straight vocal tract. The boundary
conditions are inlet (red), outlet(white) and walls (white).

For the first step of the pre-processing, the two dimen-
sional mesh is generated using the utility blockMesh

(Figure 1). The head of the recorder is modelled after an
alto recorder in f’ by Johann Pörschmann (about 1980–
1757) at the Musikhistorisk Museum in Copenhagen, in-
ventory number CL 417 [18]. A cylindrical resonator
(total length of 140.75 cm) and a vocal tract (length
15cm, [19]) are added. Three meshes with three differ-
ent constriction conditions are generated: The first one is
without constriction (“straight”), the constriction of the
second one sits in the back (“back”) and the third one
has the constriction in the front (“front”) of the vocal
tract (Figure 2) As a result, three meshes with 577010
(straight), 600846 (back, front) points are generated.

Table 1: Properties of air used in the simulation [17]

Quantity Value

Molar weight 28.9 g
mol

specific heat capacity at
constant volume

712 J
kg·K

Enthalpy of fusion 0 J
Dynamic viscosity 1, 8 · 10−5 Pa · s
Prandtl number 0, 7

Concerning the thermophysical properties, the air inside
the mesh (Table 1 for constants used) is assumed to be
a perfect gas. The thermophysical model hePsiThermo
incorporates the internal energy and the compressibility.
The specific heat capacity at constant volume and the
enthalpy of fusion are assumend to be constant. The

conservation of energy uses the energy as quantity.

The initial and boundary conditions are shown in figure
1. The air enters at the inlet with a velocity of 0.4545
m
s with perturbations of 1–2% added. At the walls of
the mouth cavity and the recorder, a no slip condition
is applied. The air flows out at the outlet with a wave
transmissive boundary condition. The internal field is
initially at rest.

To model the turbulence, a large eddy simulation is cho-
sen. For the sub-grid scales an equation for the kinetic
energy is applied with a van Driest-damping to model
the behaviour next to the wall. The transient solver
rhoPimpleFoam is selected to account for compressibil-
ity. The time derivatives are calculated with backward,
an implicit method of second order. The divergences
are represented by the second order schemes Gauss LUST

grad and Gauss limited linear 1.

As the main interest is the timbre, the transient up to
20 ms is being discarded to save memory. A time step
of 5 · 10−7 is selected while every 20th time step is saved.
This gives a sample rate of 100 000 Hz. The maximal
mean Courant number is set to 0.5.

Concerning the processing, the calculation has been car-
ried out on a DELL OptiPlex 7090 computer with an
Intel i7-11700 processor. The simulation has been paral-
lelized with eight kernels.

After the processing the pressure values of one sample
point inside the resonator and one directly outside of the
instrument are taken. These samples are then analyzed
with MATLAB.

Results and Discussion
This section discusses the generation of turbulence with
the constriction, possible change of the fundamental and
changes in the spectrum of the calculated recorder sound
inside and outside of the instrument.

Generation of turbulence

(a) No constriction.

(b) Constriction in the back.

(c) Constriction in the front.

Figure 2: Turbulent kinetic energy in the vocal tract log

scaled from 0 (blue) up to 0.05m2

s2
(red). Boundary layer

separation after the constriction creates turbulence. If the
constriction is too far away from the windway, the turbulence
dies out because of a lack of new energy.

Figure 2 shows the turbulent kinetic energy in the two
constricted vocal tracts logarithmically scaled up to

0.05m2

s2 . At the walls, we can clearly see a boundary
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layer. After the constriction, this boundary layer sep-
arates from the walls. This creates a velocity gradient
which causes the turbulence. Fig 2 a) also shows that the
turbulence decreases and dies out after having reached its
maximum. The reason for this is that at some point af-
ter the constriction, there is no more energy transferred
from the main flow to the turbulence.

Possible changes of the fundamental
The constriction condition does not lower the fundamen-
tal. To the contrary, while the constriction in the back
creates exactly the same frequency of the fundamental,
the fundamental frequency of the sound of the constric-
tion in the front is even slightly higher. A possible reason
for the higher fundamental could be that the nozzle-like
structure leading to the constriction speeds up the air.
The space between the constriction and the windway is
so small, that the fluid cannot entirely mix with its rest-
ing surroundings after the constriction. So, it can enter
the windway at a higher velocity which can increase the
frequency [20]. Thus, the hypothesis of a lower funda-
mental after a constriction in the vocal tract with the
same blowing speed [9] cannot apply for the tested con-
strictions.

Changes in the spectrum
FFTs of the signal inside and outside of the instrument
have been carried out. Several changes in the spectrum
can be observed depending on the constriction condition
in the vocal tract:

Figure 3: Spectrum inside the resonator. For both con-
strictions, the broadband noise is slightly increased while the
amplitude of the harmonics is decreased.

Inside the instrument, both constrictions are associated
with a slightly increased broadband noise compared to
the straight vocal tract (Figure 3). Meanwhile, the am-
plitudes of the harmonics are a few dB decreased. This
latter effect is more pronounced if the constriction is in
the front of the mouth cavity than in the back. For ex-
ample, the fifth harmonic of the constriction in the front
is hardly discernible from the sourrounding broadband
noise.

Outside of the instrument, there is hardly any increase of
the broadband noise associated with the constriction in
the back (see figure 4). The amplitudes of the harmonics
is slightly decreased. The situation is more clear for the
constriction in the front, where an increased broadband
noise can be observed up to 2700 Hz, a different frequency

Figure 4: Spectrum outside of the recorder. The constric-
tion in the front is associated with increased broadband noise
and decreased harmonics. The effect associated with the con-
striction in the back is less clear.

range as observed by [9] and [10]. The harmonics are sig-
nificantly reduced, the fourth and fifth harmonic barely
being discernible from the surrounding broadband noise.

In general, the broadband noise production of the con-
strictions in this simulation are less pronounced than in
the measurements of [9] and [10]. A reason could be,
that a real mouth cavity might be more effective in cre-
ating turbulence than a single constriction. The alter-
ation of the spectrum is stronger for the constriction in
the front than in the back. This is possibly linked to the
fact that the turbulence cannot be maintained for a long
while downstream due to a lack of energy transfer sup-
porting it. The different appearances of this effect in the
spectrum depending on the exact application of the con-
striction might open up several ways to create different
kinds of turbulence and thus different spectra.

Limitations
Due to the different energy cascades in 2D and 3D [12],
the results cannot be generalized in three dimensions. An
open question of this publication pertains to the absolute
frequencies which are about 23 % too low compared with
the calculated frequency expected from the length of the
tube. The expected frequency would be about 1118 Hz,
while the simulated ones are around 860 Hz. A possi-
ble error could be a two low velocity at the inlet which
can result in obtaining the frequency of the edge tone in-
stead of the resonator [12]. Different turbulence models
such as Smagorinsky or dynamic k-equation and a refined
time step up to 10−7 s have been tested to have no con-
siderable influence on the frequency of the fundamental.
Finally the simulated geometry of the vocal tract was
rather simple compared to nature and not moving.

Conclusion
To make a first step into the investigation if different
constriction conditions of the vocal tract influence the
spectrum of the recorder, a two dimensional large eddy
simulation of the fluid inside different mouth cavities and
the recorder has been carried out. In the 2D-model, the
constrictions in the vocal tract create turbulence. This is
associated with slightly enhanced broadband noise and
decreased amplitudes of the harmonics. The effect is
more pronounced when the constriction is in the front
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than in the back because the turbulence decays after its
creation at the constriction. Due to differences of the
turbulence between 2D and 3D, the results cannot be
transferred to 3D. This calls for a simulation in 3D with
enhanced computing power as following research. More-
over, future research could find the cause for the too low
frequencies. It would be good, to check the results with
an experiment involving more recorder players. Investi-
gating the influence of different vocal tract constriction
conditions could be of practical use to recorder players
in two ways: First, they can inspire them to create more
different sound colors when playing. Second, the playing
techniques could be learnt from this paper. Thus, this
advanced playing technique can be made independently
transmitted of a teacher which could pertain to a democ-
ratization of playing techniques among recorder players.
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