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Abstract – For an isolated ﬂute head joint, the effects of jet angle on harmonic structure of a single note are
investigated within the practical range for human players. The mechanisms of these effects are discussed on the
basis of both the radiated sound and the ﬂow ﬁeld measured with a hot-wire anemometer. The blowing parameters, viz., jet angle (angle between jet direction and window), jet offset (relative height of jet direction from the
edge), lip-to-edge distance, and ﬂow rate, were varied independently by using an artiﬁcial blowing device based
on measured conditions for a human player, where the jet direction is deﬁned as that measured without the
head joint. The radiated sound revealed that jet angle varied the differential sound pressure level of the second
to third harmonic (DSPL) less than jet offset, however, as much as ﬂow rate and more than lip-to-edge distance.
The spatial distribution of jet ﬂuctuation center showed that, with increasing jet angle (the jet direction
approaches vertical to the window), the jet deﬂected more inside, so that the actual jet offset was estimated
to be further inside. The variation of DSPL with jet angle seems to be caused mainly by this shift in the actual
jet offset.
Keywords: Flute, Harmonic structure, Jet angle, Jet offset

1 Introduction
The ﬂute belongs to a family of ﬂue instruments that
also includes the recorder, organ pipe, shakuhachi and
panpipes. When a player blows a ﬂue instrument, an air-jet
travels across an opening (window) in the resonator (pipe)
toward a sharp edge (labium) (see Fig. 1a). During traveling, the jet ampliﬁes spatially [1, 2] and ﬂuctuates periodically in the vertical direction. This jet ﬂuctuation delays
from the oral cavity exit to the edge [3–5]. The pressure
in the resonator also ﬂuctuates periodically. If the jet
reaches the edge and enters into the resonator when the
pressure in the resonator becomes high, the jet promotes
compression in the resonator, and the high pressure in the
resonator is further intensiﬁed. This phase relation corresponds to the favorable relation for the acoustic power
generation [6]. To form this phase relation, the time delay
of the jet ﬂuctuation is to be almost half a period [7–9].
Further, the acoustic ﬂuctuations around the exit induce
a modulation of the jet ﬂuctuation as acoustic feedback.
Then, the feedback loop with the period of resonant
frequency is formed [8, 10] (see Fig. 1b).
Unlike the recorder and organ pipe, but like the shakuhachi and panpipes, sound radiating from the ﬂute varies
not only with instrument shape or ﬂow rate but also with
*Corresponding author: onogi@aero.me.tut.ac.jp

lip position relative to the instrument and lip shapes
[11, 12]. Flutists develop the ability to control their lips
and ﬂow rate precisely in order to enhance the artistic value
of the music played. Various investigations have been conducted on the physical conditions that govern the sound of
the ﬂute. Ando [11] has estimated the possible ranges of
blowing parameters, including jet angle (angle between jet
direction and the window), jet offset (relative height of jet
direction from the edge), lip-to-edge distance, and ﬂow rate,
by using an artiﬁcial blowing device. In his subsequent
study [12], the effects of parameters on timbre have been
evaluated based on the difference of sound pressure levels
between even and odd harmonics. The actual blowing conditions for lip-to-edge distance, shapes of cavity exit, and
mouth pressure have been measured for ﬂute players
through photo and pressure measurements by de la Cuadra
[13] and Vauthrin et al. [14]. Among these parameters, preliminary experiments by Ando [11] have indicated that the
effect of jet angle on harmonic structure (sound pressure
levels of harmonics), which affects timbre, is weaker than
the effects of jet offset, lip-to-edge distance, and jet velocity;
however, quantitative results have not yet been
demonstrated.
The mechanisms whereby these parameters affect the
radiated sound have been studied by various researchers.
Fletcher and Douglas [7] and Yoshikawa [15] have presented the theoretical calculation for the variation of
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Figure 1. Feedback loop between jet and acoustic ﬁeld.

harmonic structure with respect to jet offset in a simpliﬁed
organ pipe model. Coltman [16] has predicted the variation
by time domain simulations for the ﬂute. These studies
assume that the jet oscillates symmetrically with respect
to the vertical center of the jet exit as it travels across the
window. However, Verge et al. [17] have reviled a jet deﬂection in the initial transient in a recorder-like organ pipe with
an artiﬁcial blowing device. Later, Auvray and Fabre [18]
have conducted jet visualizations for panpipes and proposed
a formula that describes a jet deﬂection during traveling.
The jet deﬂection has also been observed in simulations of
the recorder; thus, Onogi et al. [19] have proposed a formula
for jet displacement that takes into account the jet deﬂection. These studies imply that the resulting jet offset is not
predictable only from the geometrical conditions of the jet
exit and edge. Further, lip-to-edge distance and jet velocity
have been shown to affect the acoustic power generation.
Coltman [3] has conducted measurements of acoustic impedance and pressure. He has shown that the phase relation for
acoustic resonance between the jet and acoustic pressure
oscillations depends on lip-to-edge distance and the convection velocity of the jet. Yoshikawa et al. [6] has conducted
particle image velocimetry and shown that the in-phase relation between the ﬂuctuating jet volume ﬂow into the resonator and the acoustic pressure ﬂuctuations in the
resonator is favorable to the acoustic power generation This
relation is consistent with the volume-ﬂow model (Helmholtz–Cremer model) [6, 20–25].
Jet angle is an additional parameter in the case of the
ﬂute, while the ﬂow channels of the jet in the recorder
and organ pipe are usually parallel to the horizontal line
of the window. Sawada and Sakaba [26] have investigated
the effects of jet angle on the transitions in the sounding
mode with an artiﬁcial blowing device. Ernoult et al. [27]
have studied the effects of the ﬂutist’s face inclination on
the fundamental frequency and have proposed a formula
for the relation between the face inclination angle and the
radiation impedance of the ﬂute’s window opening. However, the effects of jet angle on harmonic structure have
not been quantiﬁed and the mechanisms for these effects
remain unclear.

The present research focuses on the effects of jet angle
on harmonic structure within a practical range estimated
on the basis of literature [11, 13, 14] and experiments in this
study. When a human player changes jet angle, other
parameters, such as the area that lower lip covers the
window of ﬂute, may also change. However, if plural parameters are changed at once, it may be further difﬁcult to
know which parameters contribute to the sound and how
much. As a ﬁrst step, experiments are performed under
the condition that only a single parameter is changed at
once. The effects of jet angle are discussed in conjunction
with those of other blowing parameters, such as jet offset.
Further, the mechanism for the effects is discussed in terms
of both the radiated sound and the ﬂow ﬁeld measured with
a hot-wire anemometer.
The deﬁnitions and values of the blowing parameters
are shown in Section 2. The actual blowing conditions are
measured for a human player by the Schlieren method;
the photographic measurement results are presented in
Section 3.1. The parameters are varied independently by
using an artiﬁcial blowing device set up to simulate conditions for a human player, and the radiated sound and ﬂow
ﬁelds are measured by the methodologies outlined in
Section 3.2. The effects of jet angle on harmonic structure
are discussed in Section 4.1 along with those of other
parameters. The mechanism for the effect of jet angle is
discussed in Section 4.2.

2 Blowing parameters
The geometrical relation between the jet and the ﬂute
depends on jet angle, hj, jet offset from the edge, yj,e, and
lip-to-edge distance, l [11]. Figure 2 presents the geometrical
deﬁnitions of these parameters. The jet angle (hj) is the
angle between the horizontal line of the window (mouth
opening) and the reference jet direction. This reference jet
direction was measured without a ﬂute head joint in the
preliminary experiments described below. The jet offset
(yj,e) is the distance from the edge to the reference jet direction, where yj,e > 0 means that the reference jet direction is
outside the edge. The lip-to-edge distance is the distance
from the cavity exit center (oj) to the edge. The reference
jet direction is the xj-axis, its vertical direction is the yj-axis,
and the longitudinal direction of the resonator is the zj-axis.
The origin (oj) is the center of the upper and lower lips. The
values on the axes are nondimensionalized by the throat
height of the cavity exit, h. The spanwise centers of the
window and the cavity exit center (oj) are on the same
plane (zj = 0), and the above-mentioned parameters are
deﬁned on this plane. The acoustic radiation from an
isolated ﬂute head joint was investigated. The fundamental
frequency of the head joint is around 880 Hz, and this head
joint model is the same as in the literature [28].
The reference jet direction is deﬁned as that measured
without the head joint through preliminary experiments
using the pitot-tube (see Fig. 3). The artiﬁcial oral cavity
was initially set at the state that the reference line of cavity
exit, which connects the tips of the upper and lower lips,
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Figure 2. Schematic of blowing parameters with reference jet
direction.
Figure 4. Mean velocity proﬁle of jet measured without ﬂute
head joint at xp/h = 1.0.

Figure 3. Measurement for reference jet direction.

is parallel to the measurement line (xp/h = 1.0). The jet
velocities were measured by tilting the cavity at an angle,
a, of 12°–15°, which corresponds to changing the angle of
the measurement line with respect to the reference line of
cavity exit. Figure 4 shows the measured velocity proﬁle.
The proﬁle for a = 14° is symmetrical with respect to
yp/h = 0, which indicates that the reference jet direction
is inclined at a = 14° to the normal direction of the reference
line of cavity exit.

3 Experimental methods
3.1 Measurement of actual blowing condition
The actual blowing conditions were measured for a
human player. Since the blowing conditions can vary
depending on several factors, one of the conditions that
can occur was investigated.
The jet was visualized by the Schlieren method to
estimate the jet angle. Figure 5 illustrates the experimental
setup. The Schlieren method allows visualization of the

density variation of the ﬂow ﬁeld, in which the light and
dark areas in an image are produced by the variation in
the refraction factor of light due to the density variation
[29]. A human player blew a ﬂute head joint 4000 mm from
a concave mirror. The beam was reﬂected on the concave
mirror, bent 90° by a beam splitter, and cut off by a pinhole
at the focal point to obtain a sharp and even image. The
contrast between light and dark was photographed by a
camera.
Figure 6 shows the photograph of a human player blowing at almost mf. The head joint was ﬁxed to a jig to ensure
that the reference line of window remained parallel to the
horizontal line of the window. To estimate the reference
jet direction without the head joint, the head joint was slid
into the horizontal direction of the window and released
from the lips with the player keeping the same blowing
state. Schlieren images were taken after the radiated sound
was stopped. The jet appears as a black line because of the
density gradient produced by the difference in temperature
between the air blown by the human and the ambient air.
The average jet angle for 6 images was hj = 39°, with a
variation, hj,error, of ± 2°.
The cavity exit height and lip-to-edge distance were
measured from photographs, as shown in Figure 7. In the
measurement for the cavity exit height, photographs were
taken from the front of the human player blowing the
head joint (see Fig. 7a). The height was found to be
h = 1.2 ± 0.1 mm. In the measurement for the lip-to-edge
distance, photographs of the human player blowing the ﬁxed
head joint were taken from the side (see Fig. 7b). Since the
edge center is hidden by the lip plate, the edge center was
determined on the basis of the tip position of a 15-mm-heigh
strip of masking tape placed at zj = 0. The lip-to-edge
distance was found to be l/h = 5.6 ± 0.42. The jet offset,
which was calculated geometrically from the jet angle and
lip-to-edge distance, was yj,e/h = 0.24 ± 0.25.
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Figure 5. Experimental setup for Schlieren method.

Figure 6. Jet visualization by Schlieren method.

The ﬂow rate (Q) was adjusted so that it gives
almost the same fundamental frequency as the human and
that the difference of SPL of the second to the third
harmonic was the closest to the human within the experimental range.
The actual blowing conditions are shown in Table 1.
The radiated sound spectra of the human and device are
shown in Figure 8, where the frequency resolution is
1.22 Hz, and the blowing parameters for the device were
set to the values in Table 1. The fundamental frequency
was well reproduced by the device. The SPL difference
between the second and the third harmonic was larger in
the human than that in the device. Within the range of ﬂow
rate that the device reproduced the fundamental frequency
(16.0–20.0 L/min), the SPL difference was the largest at
Q = 16 L/min; the device’s ﬂow rate was set at
Q = 16 L/min. Experiments were performed with reference
to the conditions in Table 1. The values and variations are
within the ranges shown in the literature [11, 13, 14].

Figure 7. Photographic measurement for cavity exit height
(a) and lip-to-edge distance (b).

3.2 Measurement of radiated sound and ﬂow ﬁeld
using artiﬁcial blowing device
The artiﬁcial blowing device [28] shown in Figure 9 was
used to vary the blowing parameters independently within
the experimental range shown in Table 1. A ﬂute head joint
and an artiﬁcial oral cavity are installed on the device. The
cavity was fabricated with a 3D printer on the basis of MRI
images around the oral cavity of an actual human player
blowing a plastic head joint. Since the cavity is made of
plastic, shapes of the cavity, including h and S0, are constant. In actual performances by a human, the cavity
shapes change during playing; however, in this study, the
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Table 1. Actual blowing conditions and experimental ranges.
Parameter

Jet angle hj (°)
Lip-to-edge distance l/h
Jet offset yj,e/h
Flow rate Q (L/min)
Cavity exit height h (mm)
Cross-sectional mean jet velocity at cavity exit U0 (= Q/S0) (m/s)

Actual blowing conditions
of human
Value

Variation

39
5.6
0.24
16.0
1.2
21.5

±2
±0.42
±0.25
±2
±0.1
±2.7

Experimental
ranges for device
35–90
5.0–9.17
0.83–1.5
2.0–38.0
1.2
2.69–51.1

S0 (m2): Cavity exit area.

Figure 9. Experimental setup for artiﬁcial blowing.

Figure 8. Sound pressure spectra of radiated sound produced
by human player and artiﬁcial blowing device, where blowing
parameters for the device were set to the values in Table 1.

cavity shapes were fabricated to be constant to investigate
the effects of parameters independent from the shapes.
Between the cavity and the head joint, there is a gap, where
the size of gap depends on blowing conditions (see Fig. 9b).
In preliminary experiments, the radiated fundamental
frequency obtained without covering a seal was about
25 Hz higher than the fundamental frequency range
measured for a human (875–885 Hz), whereas it was within
this range when a seal was placed into the gap. Further, the
seal made of aluminum tape and clay was found to be better
to reproduce the fundamental frequency range and assure
the reproducibility of experiments than the seal made of
silicon, clay, and tape. For this reason, the seal made of
aluminum tape and clay was placed into the gap. In an
actual performance by a human, part of the lower lip
interferes with (occludes) the window of the ﬂute. Thus,
the opening area of the window depends on blowing conditions. To prevent the change of the opening area affect the

radiation impedance around the window [27] and the fundamental frequency, the seal corresponding to the size of gap
was positioned so that the opening area was not changed.
For three experiments, the reproducibility of sound was
about ±4 Hz (0.5%) in terms of the fundamental frequency
and about ±1 dB in terms of the SPLs of the fundamental
tone and the second and third harmonics.
Figure 10 illustrates the experimental setup. The air
supplied by the compressor (PAOCK SOL-2039) was
depressurized to the experimental pressure value by a precision regulator (SMC IR2000). The air was supplied into the
artiﬁcial oral cavity through a needle valve (KOFLOC
2412), a ﬂowmeter (SMC PFM750S-01-C-M), and a pressure gauge (SMC ZSE30AF-01-C-L). This pressure gauge
measures static pressure from the direction that is at right
angles to the ﬂow direction.
The radiated sound was measured with a 1/2-inch omnidirectional microphone (RION UC-53A) at r = 100 mm
distance from the resonator end and a precision sound level
meter (RION NL-31). The velocity around the window was
measured with a hot-wire anemometer. The probe was an
I-type probe with a tungsten wire 5 lm in diameter and
1 mm in length. The wire was parallel to the spanwise (zj)
direction of the cavity exit. Thus, the measured velocity
was the absolute value of the synthetic vector of the streamwise (xj) and vertical (yj) direction velocities. The measurement lines were xj/h = 1.0, 2.0, and 5.0. The measurement
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Figure 10. Schematic of artiﬁcial blowing.

Table 2. Measurement conditions for radiated sound.

Table 3. Measurement conditions for velocity.

Condition

Value

Condition

Sampling frequency (Hz)
Sampling time (s)
Averaging number Nave
Frequency resolution for Fourier transform (Hz)

40 000
30
72
1.22

Minimum resolution of sampling (mm)
Sampling frequency (Hz)
Sampling time (s)
Averaging number Nave
Frequency resolution for Fourier
transform (Hz)

conditions for the radiated sound and velocity are shown in
Tables 2 and 3. The results of Fourier transform were
averaged Nave times.

4 Results and discussion
4.1 Effects of jet angle and other blowing
parameters on sound
In this section, the effects of blowing parameters, viz.,
jet offset, lip-to-edge distance, ﬂow rate, and jet angle, on
harmonic structure were evaluated by the differential SPL
SPL3.
of the second to third harmonic, DSPL  SPL2
This evaluation is based on the literature [12], which evaluates the difference of SPLs between even and odd harmonics, within the range that the reproducibility of radiated
sound was conﬁrmed.
Figure 11 plots the variations in the SPLs of the fundamental tone and harmonics with the blowing parameters,
where the arrows indicate practical ranges, the lines represent the actual blowing condition in Table 1, and the second
vertical axes show DSPL. All parameters other than the one
being varied were ﬁxed to the actual blowing condition.
This study deﬁned the practical ranges as that satisfying
the following conditions in our experiments within the
possible ranges suggested in the literature [11, 13, 14]: the
SPL of the fundamental tone was greater than that of
the second harmonic, and the fundamental frequency was

Value
0.07 (yj/h = 0.058)
80 000
30
72
1.22

within ±10 cent of that radiated at the actual blowing condition. Compared to the literature [11, 13, 14], the practical
ranges are limited, e.g., human players can blow the ﬂute
with a lower jet velocity than this range. This is because
the practical range was deﬁned for the current experiments
under the condition that only a single parameter was varied
independently, while the literature [11, 13, 14] show the
ranges for actual human playing.
Figure 11a shows the variation with jet offset. Regarding this variation, the literature [15] has calculated the
variation of SPLs of harmonics radiated from a simpliﬁed
organ pipe model without taking into account of jet deﬂections. The calculation showed that SPL2 and SPL3 respectively exhibit their minimum and maximum at yj,e = 0 and
that as |yj,e| increases (the jet ﬂuctuates more asymmetrically to edge), SPL2 and SPL3 respectively increase and
decrease. In Figure 11a, the second harmonic curve has a
minimum around yj,e = 0, which is consistent with the
calculation. Unlike the calculation, the third harmonic
curve here is not symmetrical with respect to yj,e = 0. In
yj,e > 0 (the reference jet direction is directed to outside
the edge), SPL3 decreases as |yj,e| increases, while SPL3
remains almost constant in yj,e < 0. Although the SPLs
depend only on |yj,e| in the calculation [15], in the actual
blowing, SPL3 seems to decrease less when the jet ﬂuctuates
inside the edge (yj,e < 0) than when it ﬂuctuates outside.
This may be because of incomplete symmetry in the actual
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Figure 11. Variations of harmonic structure with blowing parameters. Lines and arrows show actual blowing conditions and
practical ranges, respectively. All parameters other than the one being varied were ﬁxed to the actual blowing conditions shown in
Table 1 (hj = 39°, yj,e = 0.24, l/h = 5.6, Q = 16 L/min). Error bar is shown for each measured value. In (a), yj,e > 0 means that the
reference jet direction is directed to outside the edge.

velocity proﬁle of the jet around the edge, as to be shown in
Figure 14b of Section 4.2, while the calculation assumes a
velocity proﬁle symmetrical with respect to the jet center.
In the practical range, DSPL signiﬁcantly increases
from about 1 dB to 28 dB with increasing jet offset in
0  yj,e/h  1.2.
Figure 11b shows that the SPLs of the fundamental
tone and the harmonics decrease with increasing lip-to-edge
distance in 5.8  l/h  7.1 and that the fundamental
frequency then shifts from the ﬁrst to the second mode at
around l/h = 7.2, which is outside the practical range.
The phase of vertical ﬂuctuations of the jet delays as the
jet travels downstream. This time delay (convection time)
from the cavity exit to the edge can be approximated by
l/Uc, where Uc is the convection velocity. When l exceeds
a certain length, the convection time of jet deviates the
condition that the jet ﬂuctuation at the edge can keep the

favorable phase relation with the pressure ﬂuctuations in
the ﬁrst mode, then the fundamental shifts to the second
mode.
Figure 11c shows that the SPLs of the fundamental tone
and the third harmonic increase with increasing ﬂow rate in
the practical range, while SPL2 decreases for 16  Q 
19 L/min and increases for 19  U0  20 L/min. With the
exception of this local variation around Q = 19 L/min, the
second harmonic also increases around the practical range.
As ﬂow rate increases, the kinetic energy supplied from
the jet to the acoustic ﬁeld in the resonator increases, and
the convection velocity, Uc, also increases. For ﬂow rate,
both the supplied kinetic energy and the phase relation
can affect the SPL. However, as for the local decrease of
the second harmonic around Q = 19 L/min, it cannot be
explained by the kinetic energy, because the energy increases
continuously with Q. To investigate the phase relation, the
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Table 4. Variation of DSPL with parameters in practical range.
Range of DSPL in
practical range (dB)

Parameter

Jet angle hj
Lip-to-edge distance l/h
Jet offset yj,e/h
Flow rate Q

Min.

Max.

Diff.

2.2
2.6
0.8
5.5

6.1
6.7
28.3
3.9

8.3
4.0
29.1
9.4

nondimensional convection time of the second mode of jet
oscillation, (l/Uc)/T2 = tc,2/T2, was estimated: tc,2/T2 for
Q = 18, 19 and 20 L/min were 0.65, 0.61 and 0.58, respectively. Here, the convection velocity was assumed to be
Uc = 0.77 U0 based on the estimation in Section 4.2, and
T2 is the period of the second harmonic frequency measured
at each ﬂow rate. The convection time approaches to 0.5
with increasing ﬂow rate in 18–20 L/min. The convection
time is to be almost 0.5 (half a period) to form the favorable
phase relation between the jet and the pressure ﬂuctuations
[7–9]. The phase relation approaches the favorable condition
and seems not to be the cause of the local decrease of SPL2
around Q = 19 L/min. Another possible factor is to be
discussed in Section 4.2. Except for Q = 18 and 19 L/min,
DSPL remains almost constant in the practical range.
Figure 11d shows that the SPL of the fundamental tone
varies little with jet angle; thus, the phase relation for the
acoustic power generation seems to be largely unaffected.
SPL2 decreases with increasing jet angle for hj < 45°, while
it increases for hj > 45°. SPL2 varies about 10 dB with jet
angle, while SPL3 varies about 3 dB. Since DSPL varies
mainly due to the variation of SPL2 under this condition,
DSPL exhibits its minimum at hj = 45°.
Table 4 lists the variation of DSPL with the parameters
in the practical ranges. DSPL variations with jet offset and
lip-to-edge distance are about 30 and 5 dB, respectively,
while the variations with jet angle and ﬂow rate are both
around 10 dB. The harmonic structure varied markedly
with jet offset, almost equally with jet angle and ﬂow rate,
but comparatively less with lip-to-edge distance. The effect
of jet angle on timbre seems to be an important consideration for ﬂute players.
In Figure 11, the blowing conditions other than the
variable one were ﬁxed to the actual blowing condition
measured for a human player. To conﬁrm generality of
the effects of jet angle on harmonic structure, Figure 12
shows the variations measured by ﬁxing jet offset to different values from that in Table 1 (yj,e/h = 0.24): yj,e/h = 0.0,
0.17, 1.0. The jet angle that DSPL exhibits its minimum is
hj,min = 37° for yj,e/h = 0.17 and hj,min = 45° for yj,e/h =
0.24. As yj,e/h decreases (increases), the curve of DSPL
seems to shift toward a smaller (larger) jet angle, and hj,
min seems to become small (large). For yj,e/h = 1.0, DSPL
decreases with increasing jet angle, which seems because
the curve shift toward a larger jet angle and hj,min becomes
larger than the jet angle in the experimental range. DSPL
variations in the practical range are about 12 dB, 8 dB,
and 17 dB for yj,e/h = 0.0, 0.17, and 1.0, respectively.

Figure 12. Variations of harmonic structure with jet angle,
where lip-to-edge distance and ﬂowrate were ﬁxed to the actual
blowing conditions shown in Table 1 (l/h = 5.6, Q = 16 L/min).
Arrow shows practical range.

DSPL varies with jet angle probably in the range of not
exceeding the variation with jet offset. (See Appendix for
the variations measured for a ﬂute with a body and a foot
joint.)
4.2 Mechanism whereby jet angle affects
harmonic structure
In the previous section, variations in harmonic structure were discussed with the blowing parameters deﬁned
on the basis of the reference jet direction measured without
the ﬂute head joint. With the head joint, the actual jet
direction can be different from those measured without
the head joint, which may affect the resulting jet offset.
In this section, the actual jet offset is estimated on the basis
of both the radiated sound and the ﬂow ﬁeld for the jet
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Figure 13. Variations of harmonic structure with jet offset,
where lip-to-edge distance and ﬂowrate were ﬁxed to the actual
blowing conditions shown in Table 1 (l/h = 5.6, Q = 16 L/min).

angles hj = 39°, 65°, and 50°, which are respectively the jet
angles at the actual blowing condition, the maximum jet
angle in the practical range, and a jet angle between these
two.
Figure 13 plots the variation in the SPLs of the harmonics with jet offset. For hj = 39°, 50°, and 65°, the jet offsets
minimizing the DSPL, ymin/h, were about 0.0, 0.5, and 0.7,
respectively. As the jet angle increases, ymin/h becomes
large. This implies that the second and third harmonic
curves shift toward the positive direction.
To elucidate this change in ymin/h from the ﬂow ﬁeld,
the periodical variations of velocity proﬁles in Figure 14
were obtained by phase-averaging the values measured with
a hot-wire anemometer with reference to the sound pressure
ﬂuctuations. In these measurements, the jet offset was set to
zero (yj,e/h = 0), i.e., the reference jet direction without the
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head joint was directed toward the edge. The radiated SPLs
are shown in Figure 12. In a preliminary operation, the
phase of the sound pressure ﬂuctuation in the resonator,
phase[p(t)], was calculated from the radiated sound pressure
ﬂuctuation based on the distance from the measurement
point to the open end of the resonator (zj = L). t = 0 is
the instant when the fundamental mode of phase[p(t)],
phase[p1(t)], exhibits a minimum, where the ﬂuctuation
with the fundamental mode was extracted from phase
[p(t)] by the procedure described in the literature [19].
Figure 14 shows that the velocity proﬁles at xj/h = 1 have
top-hat-shapes (shapes similar to rectangle functions), while
the computation [19] showed parabolic proﬁles at the jet
exit of the recorder under almost the same U0 as this study.
Compared to the channel in the recorder, the channel is
shorter in the current oral cavity; therefore, the shear layer
forms thinner, and the proﬁles have top-hat-shapes. The
proﬁles are temporally inclined outward (yj > 0) or inward
(yj < 0) probably affected by the acoustic feedback from the
acoustic ﬁeld, as also observed around the jet exit in the
computation [19]. Their ﬂuctuations are ampliﬁed at
xj/h = 5. The line in each proﬁle shows the jet displacement,
yd, where yd was deﬁned in this study as the center of the
half-value positions of maximum velocity. yd ﬂuctuates
between the outside and inside during each period.
Figure 15 shows the periodical variations of the jet displacements at xj/h = 1.0, 2.0, and 5.0, as well as phase[p(t)].
The instantaneous jet displacement ﬂuctuates almost
sinusoidally at xj/h = 1 and 2. Further downstream, the
instant that the jet displacement changes from increasing
(decreasing) to decreasing (increasing) is delayed owing to
the convection of the jet ﬂuctuations. The convection
velocity of the ﬁrst mode of jet ﬂuctuations, Uc,1, was calculated from the phase difference of the ﬁrst modes of yd(t)
between xj/h = 1 and 5. The convection velocities were
Uc,1 = 16.6 m/s (0.77U0) for hj = 39°and 50°, Uc,1 =
19.8 m/s (0.92U0) for hj = 65°. The convection velocity
nondimensionalized by the maximum velocity at the exit,
Uc,1/U0,max, were respectively estimated to be 0.34 for
hj = 39° and 50°, 0.65 for hj = 65°, which are almost within
the values in the literature [13, 19, 30, 31]. Here, U0,max is
estimated from the reduction ratio of the maximum jet
velocity between xj/h = 1 and 2, (U1,max U2,max)/h, since
U0,max is unmeasurable because the cavity exit is too narrow
to insert the probe. The measurements in the literature [13]
showed that the convection velocity depends mostly on the
shear layer formation in the channel and increases when the
jet gets sharper. Figure 16 shows the time-averaged velocity
proﬁle near the cavity exit (xj/h = 1.0), where the vertical
axes show the relative height to the jet displacement. The
boundary layer at hj = 65° is thinner than at hj = 39°,
50°.; therefore, Uc,1/U0,max, for hj = 65° is the largest among
the jet angles. The convection velocities are consistent with
the velocity proﬁle. This conﬁrms that the periodical jet
ﬂuctuations obtained from the measurements with the
hot-wire anemometer are a reasonable representation. The
velocity proﬁle near the exit changes with the jet angles
probably because the jet may be affected by the acoustic
pressure ﬂuctuations. With increasing jet angle, the channel
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Figure 14. Periodical variations of velocity proﬁles, where lines show jet displacements (yd). (hj = 39°, yj,e = 0, l/h = 5.6,
Q = 16 L/min).

becomes more vertical to the window (see Fig. 9b), which
may change the effect of the acoustic pressure ﬂuctuations
on the jet.
Assuming that Uc,1 is constant between xj/h = 1 and
l/h, the phase of jet displacement ﬂuctuations with the
fundamental mode at the edge (xj/h = l/h), phase[yd,1(t)],
were calculated for each jet angle (see Fig. 17). The phase
differences of the jet displacement to the pressure ﬂuctuations were 115°, 130°, and 135°, for hj = 39°, 50°, and
65°, respectively. Although Uc,1 is almost the same for
hj = 39° and 50° and the largest for hj = 65°, the resulting
phase difference increases with increasing jet angle and is
not determined only from Uc,1. This seems to because the
phase difference depends both on Uc,1 and the time delay
from the jet receives acoustic feedback until it appears in

jet ﬂuctuations at the exit [19]. The phase differences,
115°–135°, are within the threshold for the acoustic power
generation at 90°–270° [20]. Jet angle seems not to effect
signiﬁcantly on the condition for the acoustic power
generation.
To estimate the actual jet offset, the jet ﬂuctuation
center, yfc(xj), was deﬁned in this study as the time average
of jet displacement ﬂuctuation (yd). Figure 18 plots the
spatial distribution of the jet ﬂuctuation centers, where
the horizontal axis is shown from the cavity exit (xj = 0)
to the edge (xj = l = 5.6 h). The jet ﬂuctuation centers at
xj = 0, yfc(0), seem not to coincidence with the geometrical
origin (yfc = 0) and they vary with jet angle. Assuming that
the jet travels with the same deﬂection from xj/h = 0 to 2,
yfc(0) is around 0.25 for hj = 39° and 50°, and 0.45 for
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Figure 15. Periodical variations of jet displacements at
xj/h = 1, 2, and 5, as well as periodical sound pressure ﬂuctuation
in the resonator. (hj = 39°, yj,e = 0, l/h = 5.6, Q = 16 L/min).
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Figure 17. Periodical variations of jet at the edge (xj/h = l/h)
and pressure ﬂuctuations at the fundamental mode. (yj,e = 0,
l/h = 5.6, Q = 16 L/min).

Figure 16. Time averaged velocity proﬁles at xj/h = 1, where
vertical axes show relative height to jet displacement. (yj,e = 0,
l/h = 5.6, Q = 16 L/min).
Figure 18. Spatial distributions of jet ﬂuctuation centers.
(yj,e = 0, l/h = 5.6, Q = 16 L/min).

hj = 65°. yfc(0) locates further inside (yfc < 0) at the jet
angle around the upper limit of the practical range.This is
presumably because the jet ﬂuctuates in the channel
(xj  0) affected by the acoustic pressure ﬂuctuations. In
the upstream half of the window (0 < xj < 0.5 l), yfc(h) is
almost the same at hj = 39° and 50° though, yfc(2 h) is
farther outside at hj = 39° than at hj = 50°. This indicates
that the jet is deﬂected in the upstream. As the jet travels
downstream from xj = 2 h to xj = 5 h, it is deﬂected outside
the resonator (yfc > 0) at hj = 39°, while it is deﬂected inside
at hj = 50° and 65°. The jet deﬂections at hj = 50° and 65°

are almost the same. The difference of yfc(5 h) between
hj = 50° and 65° seems to be due to the difference of jet ﬂuctuation centers at the cavity exit (xj = 0), while the difference between hj = 39° and 50° is due to the jet deﬂection in
the window (0 < xj). The jet ﬂuctuation centers near the
edge probably depend on the jet deﬂection in both the
channel and the window. Assuming that the jet travels with
the same deﬂection from xj/h = 2.0 to l/h, the actual jet
offsets to the edge, ya,e, for hj = 39°, 50°, and 65° were
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seems to be mainly caused by the inward shift of the actual
jet offset due to the jet deﬂection.
As jet angle increases, the cavity exit moves further
from the window opening, and the jet is emitted more
parallel to the inner wall of the edge, as shown in Figure 9b.
Further investigations into the ﬂow ﬁeld are necessary to
determine how the geometrical relationships between the
jet, acoustic ﬁeld, and edge affect the jet deﬂection. There
may be a possibility that the jet deﬂection is also caused
by another blowing conditions. As shown in Figure 11c,
the local variation of SPL2 around Q = 19 L/min was
observed, and it does not seem to be caused by the phase
relation or the kinetic energy. It may be effective to investigate if the jet may also be deﬂected with changing ﬂow rate,
which can vary the SPLs.

5 Conclusion
Figure 19. Relation between relative jet amplitude of second to
third mode at xj/h = 5 and differential SPL of second to third
harmonic. (yj,e = 0, l/h = 5.6, Q = 16 L/min).

estimated to be ya,e/h = 0.1, 0.5, and 0.7, respectively.
This indicates that the jet deﬂects more inside with increasing jet angle. The absolute values of actual jet offset,
|ya,e/h|, corresponded almost exactly to ymin/h of 0.0, 0.5,
and 0.7. This implies that, as jet angle increases, the
ymin/h for the radiated sound shifts outward (ymin > 0)
by the same amount that the actual jet offset in the ﬂow
ﬁeld shifts inward (ya,e < 0) due to the jet deﬂection. To
produce a harmonic structure similar to that radiated at
a small jet angle, the jet offset must be increased to cancel
out the inward shift in the actual jet offset. This can be also
observed in Figure 12, which shows that hj,min seems to
become large as yj,e/h increases. This denotes that, to minimize DSPL at a large jet angle, yj,e/h must be increased.
From here, the variation of SPLs in Figure 11d can be
discussed. In Figure 11d, the jet offset was ﬁxed to
yj,e/h = 0.24; thus, the actual jet offset can be outer side
by Dyj,e/h = 0.24 than that in Figure 18 under yj,e/
h = 0.0. The actual jet offset in the ﬂow ﬁeld can be ya,e/
h = 0.34 and 0.26 at hj = 39° and 50°, respectively. At
hj = 45°, ya,e/h can be around zero; therefore, SPL2 seems
to exhibit its minimum at hj = 45°. In hj > 45°, the actual
jet offset can be ya,e/h < 0, where SPL3 remains almost constant as shown in Figure 11a. Figure 14b showed that the
velocity proﬁle near the edge (xj/h = 5.0) is asymmetric
unlike the assumption of the calculation [15]. Probably
because of this, SPL3 varies less in ya,e/h < 0, and SPL3 varies little with the jet angle in the practical range.
The other factor that could be related to the SPLs of the
harmonics is the jet amplitude of each mode. Figure 19
shows the relation between the relative jet amplitude of
the second to third mode at xj/h = 5, |yamp,2|/|yamp,3|,
and DSPL. The jet amplitudes of the second and third
modes show little correlation with the SPLs of the second
and third harmonics. The variation in DSPL with jet angle

This study investigated the variation of harmonic structure with jet angle in the practical range, in comparison with
jet offset, ﬂow rate, and lip-to-edge distance. Harmonic
structure was evaluated by the differential sound pressure
level of the second to third harmonic (DSPL). The harmonic
structure varied markedly with jet offset (DSPL  30 dB),
almost equally with jet angle and ﬂow rate (DSPL  10
dB), but comparatively less with lip-to-edge distance
(DSPL  5 dB). The effect of jet angle on timbre seems to
be an important consideration for ﬂute players.
The mechanism for the effect of jet angle on harmonic
structure was investigated based on both the radiated
sound and the ﬂow ﬁeld. The radiated sound showed that,
with increasing jet angle, the jet offset minimizing DSPL
increased. This denotes that there is a dependency between
jet angle and jet offset. This dependency was investigated in
terms of the ﬂow ﬁeld. The spatial distribution of timeaveraged jet ﬂuctuation centers showed that the jet deﬂects
inside with increasing jet angle. The actual jet offset estimated from the distribution was found to shift inside with
increasing jet angle almost by the same amount that the
jet offset minimizing DSPL increased. This indicates that,
to produce a harmonic structure similar to that radiated
at a small jet angle, jet offset needs to be increased (the
jet needs to be directed to the outside the edge) to cancel
out the inward shift in the actual jet offset due to the jet
deﬂection.
Other factors that could affect radiated sound were also
investigated. Periodical jet ﬂuctuations were determined by
phase-averaging the measured values obtained with a hotwire anemometer. The estimated convection velocities of
jet ﬂuctuations were conﬁrmed to be consistent with the
velocity proﬁles. The phase relation between the jet ﬂuctuations at the edge and the pressure ﬂuctuations in the
instrument, which is related to the condition for the acoustic power generation, seemed not to be affected signiﬁcantly
by jet angle. The variation in jet amplitude with jet angle
showed little correlation to the variation in harmonic structure. These results support that the variation in DSPL with
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jet angle is mainly caused by the change in the actual jet
offset.
As jet angle increases, the cavity exit moves further
from the window opening, and the jet is emitted more
parallel to the inner wall of the edge. Further investigations
into the ﬂow ﬁeld are necessary to determine how the
geometrical relationships between the jet, the acoustic ﬁeld,
and the edge affect the jet deﬂection. In addition, lip shapes
also depend on jet angle when a human plays the ﬂute. For
experimental results to be applicable to actual performances, it is necessary to investigate whether harmonic
structure can be controlled more effectively by adjusting
jet angle or lip shapes.
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Appendix
The variations of harmonic structure with jet angle were
also measured for a ﬂute with a body and a foot joint. The
measurements were performed with the ﬁngering of A4.
The lip-to-edge distance was ﬁxed to the actual blowing
condition shown in Table 1 (l/h = 5.6). The ﬂow rate was
ﬁxed to Q = 10 L/min (U0 = 13.4 m/s), where the fundamental frequencies of radiated sounds were almost 440 Hz.
Figure A.1 shows the variations of the SPLs measured by
ﬁxing jet offsets to values within the practical range. The
jet angle that DSPL exhibits its minimum is hj,min = 37°
for yj,e/h = 0.17 and hj,min = 43° for yj,e/h = 0.24. From this
result, the actual jet offset (ya,e/h) probably changes by
about 0.07 due to the jet deﬂection when the jet angle
increases hj,min = 37° to 43°. Since the minimum angles

Figure A.1. Variations of harmonic structure with jet angle
measured for ﬂute with A4 ﬁngering. Lip-to-edge distance was
ﬁxed to the actual blowing condition shown in Table 1 (l/h = 5.6).
Flow rate was ﬁxed to Q = 10 L/min (U0 = 13.4 m/s).

hj,min for yj,e/h = 0.17 and 0.24 almost correspond to hj,
min in Figure 12 measured for the head joint, the jet deﬂection with jet angle is almost the same between the ﬂute with
the A4 ﬁngering and the head joint.
In addition, the variations of harmonic structure with
jet angle were investigated for the ﬁngerings of A4, A5
(880 Hz), and A6 (1760 Hz), as shown in Figure A.2. The
lip-to-edge distance and the jet offset were ﬁxed to the
actual blowing conditions shown in Table 1 (l/h = 5.6,
yj,e/h = 0.24). The ﬂow rate was ﬁxed to Q = 16 L/min
(U0 = 21.5 m/s) for A5 and Q = 32 L/min (U0 = 43.0
m/s) for A6. The radiated sounds were investigated within
the range that the fundamental frequency is ± 10 cent of
A4, A5, or A6. With increasing jet angle, the curves of

Figure A.2. Variations of harmonic structure with jet angle
measured for ﬂute with A4, A5, and A6 ﬁngering. Lip-to-edge
distance and jet offset were ﬁxed to the actual blowing
conditions shown in Table 1 (l/h = 5.6, yj,e/h = 0.24). Flow
rate was ﬁxed to Q = 16 L/min (U0 = 21.5 m/s) for A5 and
Q = 32 L/min (U0 = 43.0 m/s) for A6.
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DSPL for A5 and A6 almost remain ﬂat in hj < 43° but
increase in hj > 43°. For A4, A5, and A6 at yj,e/h = 0.24,
the actual jet offset seems to be zero around hj = 43°.
The jet seems to deﬂect inside the edge with increasing
jet angle in hj > 43°, which respectively promotes an
increase and a decrease of the second and the third
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harmonic. There is no noticeable shift in the DSPL curve
with tone range.
From these results, the variations of harmonic structure
with jet angle measured for the head joint can also occur
over the ﬂute’s three ranges.
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