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Direct numerical simulations of the aeroacoustics of the recorder are used to study the flow of air near a tonehole.
Our calculations are based on the Navier-Stokes equations and are thus able to study the nonlinear effects that occur
at high sound pressure levels. We find, in agreement with experimental work, that nonlinear effects are largest on
the downstream edge of a tonehole that is inside the recorder tube. Quantitative results for the velocity field are
presented and the effect of undercutting the tonehole is also described.

1 Introduction
Physical modeling of musical instruments has advanced

considerably in recent years, due in large part to increases
in the power of available computers. Here we use the term
“physical modeling” to refer to modeling in which the
fundamental equations of mechanics are applied directly
to the realistic geometry of a musical instrument. For
instruments such as the piano and guitar, this involves
solution of the Newton’s law equations describing strings,
plates, and bars, to describe the body of the instrument,
together with the equations of linear acoustics to describe
the motion of the air around the instrument and the acoustic
field that is produced. The situation is considerably more
complicated for wind instruments, for which the equations of
linear acoustics must be replaced by the Navier-Stokes (NS)
equations. The NS equations are required to describe the
complicated fluid motion that takes place in the mouthpiece
of wind instruments and the shock waves that can be
important in brass instruments.

In recent years, NS-based simulations of wind
instruments have been reported by several groups (see,
for example, [1, 2, 3, 4, 5, 6, 7]), and the author has reported
studies of the recorder in three dimensions [8] that reproduce
the behavior of the instrument well. The present paper
describes the application of NS-based simulations to a
problem encountered in many wind instruments; namely, the
flow of air near a tonehole. We study the velocity field near
a recorder tonehole, finding significant nonlinear effects at
high blowing speeds and study how these effects depend
on the length and shape of the tonehole. Our results are in
good general agreement with experimental studies carried
out with broadly similar (but not identical) geometries.
Our results also suggest one reason why undercutting of
a tonehole can affect, and presumably improve, the tonal
properties of an instrument.

2 Method
Direct numerical simulations of the Navier-Stokes

equations were carried out using the method described
previously [8]. In that paper the simulations were applied to
a three dimensional model of a recorder without toneholes;
here we add a single tonehole as shown in Fig. 1. The
tonehole was inserted a distance Lt = 27 mm from the open
end of the recorder whose total length was L = 105 mm.
The bore of the recorder was square (d × d = 10 × 10 mm2).
The channel height was h = 1.0 mm, the channel length
was Lc = 40 mm and the channel-labium distance was
W = 4.0 mm.

Three tonehole geometries were studied, with dimensions
given in Table 1. Toneholes 1 and 2 were rectangular in
shape, Fig.1(b), and extended the full width d of the channel.
Tonehole 3 was similar in shape except that it was undercut
at an angle of 45◦, Fig. 1(c).
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Figure 1: (a) Geometry of the recorder model studied in this
work (not to scale). (b) Toneholes 1 and 2 (Table 1) were

rectangular with widths Wh and length t. (c) Tonehole 3 was
undercut at an angle of 45◦.

tonehole 1 tonehole 2 tonehole 3
short tall 45◦

channel channel undercut
Wh 1.6 mm 1.6 mm 1.6 mm
t 1.6 mm 4.8 mm —
t1 — — 0.8 mm
t2 — — 1.6 mm

Table 1: Dimensions of the three toneholes studied in this
work. All three were the same distance Lt (see Fig. 1) from

the end of the recorder tube.

The simulations were performed as described in [8],
using a direct numerical solution of the Navier-Stokes
equations employing the MacCormack method [9]. The
recorder blowing speed was ramped linearly from zero to
a value u0 in 5 ms, and then held fixed for the rest of the
simulation. The sound pressure as a function of time was
recorded at various locations inside and outside the recorder,
and a steady state oscillation was reached typically between
10 and 20 ms after blowing commenced. After reaching
steady state, the density and velocity fields in and around
the instrument were recorded for one full period of the
oscillation.

3 Results
Figure 2 shows a typical “snapshot” of the density both

inside and outside the recorder. Note that this figure, and
others below, focus on the region near the recorder; the
simulation region is much larger than shown here [8]. These
results, and all of the results shown below for the velocity
field, were obtained after reaching steady state.

Figure 2 shows calculated results for the air density.
Deviations of the density from the background density (i.e.,
the density in the absence of a sound field) are proportional
to the acoustic pressure, so Fig. 2 is essentially also a map

ISMA 2014, Le Mans, France

96



of the acoustic pressure. Here the color indicates the value
of the acoustic pressure, with red/brown showing a small
value and dark blue indicating a large acoustic pressure.
As expected, the sound intensity is much greater inside the
tube than outside. The dark blue region in the recorder tube
indicates a high sound intensity midway between the labium
and the tonehole, which tapers to the background value at
both ends. This is simply a standing wave with a wavelength
twice the labium-tonehole distance, as expected for the
fundamental mode of the recorder with an open tonehole.

recorder bore

open endtonehole
labium

channel

Figure 2: Spatial map of the density showing a standing
wave inside recorder tube. The black lines show the borders

of the recorder and along the tube they are approximately
the thickness of the tube. The recorder was blown from the
far left. Results obtained with tonehole 1 and blowing speed

u0 = 40 m/s.

Figures 3 and 4 show the velocity field near a short
tonehole (tonehole 1 in Table 1) for two values of the
blowing speed u0 at one instant during the oscillation cycle,
which had a frequency of approximately 1500 Hz. For the
low blowing speed of u0 = 20 m/s (Fig. 3) the velocity near
the tonehole and inside the tube is directed mainly along the
tube. There are only sight deviations of the velocity from
this direction except at the approach to the tonehole and
inside the tonehole itself where the flow is upward out of the
tonehole; this upward flow continues outside the tonehole.
Note that at other times during an oscillation cycle the flow
is inward through the tonehole, but within the recorder tube
the direction of the velocity is mainly parallel to the recorder
tube for this value of the blowing speed.

The behavior with tonehole 1 at the higher blowing
speed of u0 = 40 m/s is shown in Fig. 4. The oscillation
frequency at this value of the blowing speed is again equal to
the fundamental frequency of the recorder; the transition to
an oscillation at the second harmonic comes at the somewhat
larger blowing speed of about 45 m/s. The form of the
velocity field in Fig. 4 is quite different from that found at
the lower blowing speed. With this higher value of u0 there
is a pronounced vortex formed inside the recorder and just
upstream from the tonehole. Figure 5 shows this vortex at
a different time in the oscillation cycle. The vortex is again
seen to distort the velocity field over more than half the
width of the recorder tube. Even though the flow through the
tonehole is now inward, the vortex is quite similar to the one
seen in Fig. 4.

Figures 3-5 show the velocity field at particular instants
in time, and one could worry that the observation or non-
observation of vortices might depend on the precise time at
which the velocity field is recorded. We have therefore also
analyzed the results of the same simulations by averaging
the velocity field over an entire cycle of an oscillation. This
should reveal streaming effects [10] as would be expected at
high sound amplitudes (e.g., [11]). Average velocity fields
for the short tonehole are shown in Fig. 6 (for u0 = 20 m/s)
and Fig. 7 (u0 = 40 m/s). These results were obtained in the

Figure 3: Results for the velocity field near the tonehole
obtained with tonehole 1 and a relatively low value of the

blowing speed, u0 = 20 m/s. The arrows show the direction
of the velocity and their lengths are proportional to its

magnitude. This result was obtained at one instant during an
oscillation cycle. The black regions are the top wall of the

recorder and the open end of the recorder is beyond the right
edge of the figure. The bottom edge of the recorder tube is

at the bottom edge of this figure.

vortex

Figure 4: Results for the velocity field obtained with
tonehole 1 and a high value of the blowing speed,

u0 = 40 m/s. As in Fig. 3, the arrows show the direction of
the velocity and their lengths are proportional to its

magnitude. Note that the scale factor relating the lengths of
these arrows to the magnitude of the velocity are different

than in Fig. 3. The black regions are the top wall of the
recorder, and the bottom edge of the recorder tube is at the

bottom edge of this figure.

same simulations as considered in Figs. 3-5.
Considering first the result for the low blowing speed,

Fig. 6, the flow velocity inside the tube is seen to be
uniformly to the right over nearly the entire cross-section of
the tube. This is not surprising, since the recorder is blown
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Figure 5: Another view of the the vortex formed near
tonehole 1 with u0 = 40 m/s. This result was obtained in the
same calculation as in Fig. 4, but at a slightly different time
in an oscillation cycle. The black regions are the top wall of
the recorder, and the bottom edge of the recorder tube is at

the bottom edge of this figure.

Figure 6: Results for the velocity field averaged over one
complete oscillation cycle with tonehole 1 and a low value
of the blowing speed, u0 = 20 m/s. The black regions are

the top wall of the recorder. The bottom edge of the recorder
tube is at the bottom edge of this figure.

through the channel from left to right (Fig. 1), so the net
flow averaged over an entire oscillation cycle, must also be
from right to left.

At the high blowing speed considered in Fig. 7, a vortex
is again found inside the tube and just downstream from
the tonehole. The vortex noted earlier for this blowing
speed is thus not an artifact of the particular time at which
the velocity field is recorded and it does not disappear on
averaging, a signature of acoustic streaming. Just outside
the tonehole, there appears to be a slight tendency for flow
to the left, which is opposite to the direction of net flow
inside the tube. This counterflow is more pronounced at
the higher blowing speed (Fig. 7) but there is also a small
effect that is of marginal size at the lower blowing speed
(Fig. 6). We believe that it is significant, but more study

vortex

Figure 7: Results for the velocity field averaged over one
complete oscillation cycle with tonehole 1 and a high value
of the blowing speed, u0 = 40 m/s. The black regions are

the top wall of the recorder. The bottom edge of the recorder
tube is at the bottom edge of this figure.

will be required to confirm this, for the following reason. In
our simulation the recorder is in a closed region, so there
must be some return flow from the open end of the recorder
(on the far right, not shown in Fig. 7) back to the entrance
to the recorder on the far left. It is worth noting that the
counterflow effect outside the tonehole in Fig. 7 is similar to
that observed experimentally in a related geometry [12].

All of the results in Figs. 3-7 were obtained with the
short tonehole (tonehole 1). We studied several toneholes
with different lengths; these were rectangular in cross-section
and with the same width in the direction perpendicular to the
plane in Fig. 1 but with recorder walls of different thickness.
(The cross-section of the recorder tube was the same in all
cases.) Results for a tonehole that is taller than tonehole 1,
the tonehole considered in Figs. 3-7, are shown in Fig. 8.
This tonehole is denoted tonehole 2 in Table 1 and is three
times longer than tonehole 1. Figure 8 shows results with the
high blowing speed u0 = 40 m/s averaged over one cycle of
the oscillation. A vortex is now barely visible inside the tube
and upstream from the tonehole; this vortex is much smaller
in size than found with the short tonehole.

The toneholes in many instruments are undercut, with
their open area being smaller at the exit end of the tonehole,
as sketched in Fig. 1(c). Tonehole 3 in Table 1 was undercut
in this way, and results for that tonehole are shown in Fig. 9.
Here again we consider the high blowing speed u0 = 40 m/s
and the velocity field is averaged over one cycle of the
oscillation. There is now no vortex inside the tube. The
shape of the tonehole thus has a very pronounced effect on
the behavior.

4 Discussion
There have been a number of theoretical studies of

toneholes, both analytical and numerical; for a partial list
see [13, 14, 15, 16, 17, 18, 19, 20]. These theoretical

ISMA 2014, Le Mans, France

98



vortex

Figure 8: Results for the velocity field averaged over one
complete oscillation cycle with tonehole 2 and a high value
of the blowing speed, u0 = 40 m/s. The black regions are

the top wall of the recorder. The bottom edge of the recorder
tube is at the bottom edge of this figure.

Figure 9: Results for the velocity field averaged over one
complete oscillation cycle with tonehole 3 and a high value

of the blowing speed, u0 = 40 m/s. This tonehole was
undercut as described in Table 1. The black regions are the
top wall of the recorder. The bottom edge of the recorder

tube is at the bottom edge of this figure.

studies have thoroughly explored the linear behavior and
while the importance of nonlinear behavior has been noted
by several workers, much remains to be understood in the
nonlinear regime. Experimental studies of the velocity fields
near toneholes have been carried out using particle image
velocimetry, and our results are broadly consistent with those
results. For example, the presence of an upstream vortex
inside the instrument tube has been observed in several
studies [12, 21, 22]. Consistent with our results, these
vortices are only observed at high intensities, confirming
that they are a nonlinear effect. In addition, undercutting
of the tonehole has been found to suppress this vortex [22].
Much more work remains to compare our computational
results with the experiments. In particular, the experiments
in [12, 21, 22] were all carried out using tubes in which the

sound field was produced by a speaker so that the frequency
could be continuously varied. This contrasts with our studies
in which a full instrument was modeled and hence the
frequency was determined by the resonance conditions of
the instrument.

5 Conclusion
We have presented detailed results for the velocity field

near a tonehole in a three dimensional recorder. The results
are broadly consistent with experimental studies, as at high
sound levels we observe a vortex inside the recorder tube
and downstream from the tonehole. This vortex is largest
for short toneholes and is suppressed by undercutting of the
tonehole. While our work has focused on the behavior of
a single tonehole, it is interesting to speculate on the case
of multiple toneholes. Some years ago Keefe [15] found
that the addition of two closely spaced toneholes to the end
of a model clarinet made it extremely difficult to produce a
musical tone with the instrument. Given the size of the vortex
we have found in some cases, it is intriguing to speculate
that a nonlinear interaction between toneholes, mediated by
such vortices, may play a role in such cases. This could
also explain why the undercutting of toneholes, which acts
to suppress these vortices, is common in many instruments.
These speculations will be object of future study. Also left
for the future is to study the effect of tonehole geometry on
the tonal properties.
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