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Abstract

To elucidate the mechanism by which the radiated sound changes with conditions of
blowing and the instrument’s shapes, this study performed numerical simulations and
experiments simulating actual conditions. Focusing on the interaction between the airflow
and the sound of flute-like instruments, this study proposed an analytical method for
sound changes taking into account the jet deflection observed in the simulations. The
effects of the blowing conditions on the jet behaviors and the radiated sound were also
shown.

First, an analytical method for quantifying jet fluctuations was proposed to determine
conditions of blowing or instrument shapes that mainly contributes to sound changes.
This method was first utilized for the recorder, which has fewer variable parameters of
blowing than the flute. To decompose jet fluctuations into an acoustic and a fluid dynamic
oscillations, a formula represents jet fluctuations was proposed by modifying the
Fletcher’s formula (JASA4, 1976) based on the jet fluctuations predicted by direct
aeroacoustic simulations. This formula takes into account the initial amplitude at the exit
and the inclination of jet fluctuation center (time-averaged jet displacement), which were
observed in the simulations. The jet fluctuations in the simulations were represented by
this formula, and the characteristics of fluctuations (the convection velocity, the
amplification rate, the acoustic feedback effects, and the actual jet offset) were quantified.
As a result, the difference in the acoustic mode predominancy between the subject
recorders seems to be produced by the difference in the amplification rate probably due
to a difference in the shapes of jet exit (straight- or arch-shaped). This analytical method
seems to be useful for investigating mechanisms of sound changes.

Second, the effects of the jet angle (angle between the jet and the mouth opening) on
the harmonic structure and their mechanism were shown for the flute. Blowing parameters
were varied independently using an artificial blowing device with reference to the actual
blowing condition measured for a flute player. The periodical fluctuation of jet was

obtained by phase-averaging measured velocity with a hot-wire anemometer. The radiated
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sound showed that, within the practical range of the blowing parameters, the effects of
the jet angle on the harmonic structure is less than those of the jet offset and almost equal
with those of the flow rate and comparably larger than the exit-edge distance. The effect
of the jet angle on timbre seems to be an important consideration for flute players. The
flow field showed that, with increasing the jet angle (the jet direction approaches vertical
to the mouth opening), the jet fluctuation center was found to incline more inward. This
inclination seems to occur because of the deceleration of the fluctuation of jet when
changing direction from inward to outward. Due to this inclination, the actual jet offset
was found to decrease with increasing the jet angle. This decrease of the actual jet offset
was almost consistent with the change of harmonic structure with the jet angle. The ratio
of amplitudes of the second and the third mode of jet oscillations was found to affect little.
The variation of the harmonic structure with the jet angle is mainly caused by the change
of the actual jet offset due to the inward inclination of jet fluctuation center.

Third, the effects of the geometrical relationship between the jet direction and the edge
on the jet fluctuations and the sound were investigated by direct aeroacoustic simulations
on the flute. The mechanism of the change of the jet fluctuation was investigated from
the instantaneous jet direction. From the estimation of the instantaneous jet direction, as
the jet offset increases, the jet is expected to be affected by the high pressure around the
edge wall from a more upstream position. The visualization showed that the shear layer
of the jet is separated and does not fluctuate under the condition of a larger jet offset. This
is probably due to the disturbance by the high pressure. As a result of this separation of
jet, the higher modes of fluctuation are suppressed, affecting the harmonic structure. Also,
as the jet angle increases, the distance between the jet and the inner wall of edge is
estimated to decrease; thus, the jet seems to decelerate more, affected by the high pressure
near the wall. Due to the effects of the wall, the jet fluctuation changes, resulting in a
change of the harmonic structure. To clarify the cause of the change of the jet fluctuation,
estimation of the geometrical relationship between the instantaneous jet direction and the

edge inclination seems to be useful.
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1. Introduction
1.1. Overview of Flute-Like Instruments

Flute-like (flue, air-reed) instruments includes the flute, the recorder, organ pipe, the
shakuhachi and panpipes. This kind of instrument does not have a reed. When a player
blows air into a flute-like instrument, the sound is produced. This kind of instruments
have extremely ancient origin and date back to B.C. [1]. Various types of flute-like
instruments have been developed in their long history over the world. For example, some
use a windway (flue channel) to form the air (see Fig. 1.1 (a)), like the recorder and an
organ pipe, while some use the player’s lips (see Fig. 1.1 (b)), like the flute and the
shakuhachi. Some are held vertically, like the recorder and the shakuhachi, while some
are held horizontally, like the flute [2].

The produced sound depends on playing methods and instrument models. For players,
the accurate control of pitch, timbre, and dynamics (the variation in loudness in music) is
an essential technique. In case of the flute, the pitch is controlled by changing fingering
(opening and closing the tone holes with player’s fingers) or changing the speed with the
same fingering, like C5 and C6. The timbre and dynamics are controlled by modifying
the shapes of lips. Since the control of the air and the formation of embouchure are
important considerations for flute playing, playing methods have been studied by various
players [3, 4]. Besides playing methods, the shapes of instruments affect the sound, e.g.,
shapes around the embouchure hole, the position of the head cork affect the pitch and the
timbre [2]; therefore, even after the invention of the basic design of the modern flute by
Boehm [5] in the 19th century, instrument makers have continued to refine the designs,
and numerous models have been released. In addition to players and makers, musical
acoustics in flute-like instruments have been studied by researchers across fluid dynamics
and acoustics [2, 6-89, 102, 103]. Subsequent sections describe the sound generation
mechanism and investigations on conditions of blowing or instrument shapes based on

the preceding studies.
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1.2.  Feedback Loop of Jet and Acoustic Field in
Flute-Like instruments
As outlined in Sec. 1.1, in flute-like instruments, the sound is produced by the mutual
interaction between the air-jet and the acoustic field in the resonator. The jet emerges from
the exit, passes through an opening in the resonator (mouth or window) while fluctuating
vertically and periodically, and strikes against the edge. The vertical fluctuations of the
jet amplify [6, 7] and delay from the exit to the edge [8, 9, 10] (see Fig. 1.2(a)). 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 of the air in the resonator, and the high pressure in the resonator is further
intensified. This phase relation is the optimum for the acoustic power generation [11]. To
form this phase relation, the time delay of the jet fluctuation from the exit to the edge is
to be almost half a period [12, 13, 14, 15] (see 2.2.1.A). Also, the acoustic oscillations in
the resonator induce initial fluctuations of the jet around the exit, which is called acoustic
feedback. Then, the feedback loop at one period of a resonance frequency is formed [2,

16, 17] (see Fig. 1.2(b)).



Jet E dge

g
N;?e(\'ﬁ\% t

Acoustic field
(Low pressure)

Mouth
opening

Acoustic field
(Low pressure)

t/T=0.5 t/T=0.5

feedback

i Edge

Acoustic Flu@ :(I;Jil(()indynanncal
feedback dynamical . —
y Acoustic field | acton y Acoustic field

(Heigh pressure) (High pressure)

(a-1) Recorder (a-2) Flute

(a) Jet-acoustic field interaction

| Air-jet |
Acoustic Fluid dynamical
feedback . action
Acoustic field
(b) Feedback loop

Figure 1.2 Feedback loop between jet and acoustic field.

1.3. Investigations on Jet Fluctuations
Since the jet fluctuations affect the sound generation in flute-like instruments, they

have been investigated by theoretical models, experiments, and simulations.

1.3.1. Numerical Modeling
The jet fluctuations have been formulated on the basis of Rayleigh [18]’s analysis for

the instability [9, 19, 20]. Fletcher et al. [9] proposed a semi-empirical formula, which



decomposes the jet oscillations at the fundamental mode into two oscillation components:
the spatially uniform oscillation with the acoustic oscillations in the resonator, and the
spatially propagating oscillation due to the jet instability produced by the acoustic
feedback. Near the edge (x = [), the amplitude of the spatially propagating oscillation is
generally much greater than that of the spatially uniform oscillation; thus, the spatially
uniform oscillation can be ignored [9]. De la Cuadra [20] reduced a formula to only a
spatially propagating oscillation. The formula by Fletcher et al. [9] and de la Cuadra [20]

have been confirmed to represent jet oscillations in their experimental results [9, 20].

1.3.2. Experiments

Values of the parameters in the formulas have been estimated by experiments. These
estimations allow to quantify jet fluctuations. Thwaites et al.’s [21, 22] estimated the
convection velocity and the amplification ratio by pressure measurements with a pitot-
tube, while Yoshikawa [23] and de la Cuadra [20] estimated them by jet visualizations.
De la Cuadra [20] also estimated the initial amplitude of jet. The Fletcher et al. [9]’s
formula assumes that the initial amplitude of jet is zero and that the initial amplitude of
the spatially propagating oscillation is equals to the amplitude of the acoustic particle
displacement. The initial amplitude of the spatially propagating oscillation has not yet
been measured; however, the measurement for the initial amplitude of the spatially
propagating oscillation seems to be useful to quantify the acoustic feedback effect on the
jet. Also, the existing formulas assume a straight jet flow, while the jet visualizations in
flute-like instruments [24, 25, 26] have observed that the jet inclines during traveling.
From these measurements, the formulas seem to require further modifications to represent

the actual jet fluctuations more precisely.

1.3.3. Simulations
To predict the jet fluctuations and the generated sound, the following simulations have

been performed.



+ Time-domain simulations based on models for flute-like instruments [13, 27, 28,
29, 30, 31]
In the simulations by Verge et al. [27], the jet fluctuations, the sound sources, and the
energy loss by the vortex shedding are numerically modeled, and flute-like instruments

are represented by a one-dimensional model.

* Numerical simulations based on computational fluid dynamics (CFD) [32, 33, 34,

35, 36, 37]

To perform simulations based on the governing equations for fluid, the simulations
generally require taking into account of the compressibility. This is because that the flow
and the acoustic field in flute-like instruments form the feedback loop. Yokoyama et al.
[32, 33, 34] have performed direct aeroacoustic simulations based on the governing
equations for compressible fluid: the continuity equation, the Navier-Stokes equations,
and the energy conservation equation.

These CFD-based simulations for flute-like instruments require enormous computer
resources because of the spatial and the temporal scale gaps between the acoustical and
the fluid dynamical phenomena: the wavelength of sound wave (~ 1 m) and jet
fluctuations (~ 1 mm), the sound speed (= 340 m/s) and the jet velocity (= 30 m/s). Owing
to the resent technologies of super computers, various CFD-based simulations have been
applied for flute-like instruments - for example, three-dimensional direct aeroacoustic
simulations for recorders [35] and a piccolo [36] by Giordano and recorders [32, 33, 34]
by Yokoyama et al., two- and three- dimensional compressible LES for flute-like
instrument models by Miyamoto et al. [37].

These simulations allow to obtain the jet fluctuations precise enough to analyze the
effects of blowing conditions or shapes on the jet fluctuations and the sound. Giordano
[35] analyzed the effects of chamfers on the transient state of sound generation in

recorders. Yokoyama et al. [33] analyzed the effects of shapes around the windway exit
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on the acoustic mode predominancy of recorders. These simulations may also allow to
refine the formula for the jet fluctuations to quantify jet fluctuations more precisely. This
refinement seems to be useful to elucidate mechanism whereby the sound changes with

conditions of blowing or shapes.

1.4. Investigations on Conditions of Blowing and
Instrument’s Shapes
The produced sound depends on conditions of blowing or instrument’s shapes. This

subsection describes the effects of conditions and how players control these conditions.

1.4.1. Effects of Blowing Parameters on Sound

To investigate effects of the conditions on the sound, the conditions are decomposed
into geometrically independent parameters and the jet velocity. Figure 1.1 illustrates the
definitions of these parameters for the recorder [34] and the flute [38, 39] in this study.
The jet thickness is the thickness of the jet at the exit, the jet angle is the angle between
the mouth opening and the jet, the exit-edge distance is the distance from the jet exit to
the edge, the jet offset is the relative height of jet fluctuation center from the edge, and
the jet width is the width of the exit in the spanwise direction. In some studies, the blowing
pressure (py,) 1s investigated instead of the jet velocity at the exit (U,), where U, can be
estimated from p, using Bernoulli’s low: p, = (1 /2)pU§ . The variable parameters for
players depend on the instruments. For the flute, which does not have a windway, players
can vary geometrical blowing parameters, like the jet angle, the jet offset, the jet thickness,
and the exit-edge distance, in addition to the jet velocity. For the recorder, these
geometrical blowing parameters are fixed by the instrument.

Effects of the above-mentioned parameters on the pitch, timbre, and dynamics have
been respectively investigated in terms of the fundamental frequency, the harmonic
structure (relative sound pressure levels between harmonics [40]), and the sound pressure

level. These investigations have been conducted through acoustic excitation experiments
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by Coltman [41], artificial blowing experiments by Ando [38, 42], calculations by
Fletcher [43]. The effects of the parameters and the mechanisms whereby they affect the

sound are summarized below.

- Fundamental Frequency

Coltman [8], Ando [38], and Fletcher [43] showed that the fundamental frequency
increases and decreases with the jet velocity and the exit-edge distance, respectively. The
mechanism for these changes has been explained from the phase condition between the
jet and the pressure oscillations (see Sec. 2.2.1.A). Due to the phase condition, the
fundamental frequency jumps to another register when the jet velocity increases above
(or decreases below) a threshold. The threshold has been shown to depend on the shapes
of instruments through artificial blowing experiments by Ségoufin et al. [44] and direct
aeroacoustic simulations by Yokoyama et al. [33] and Onogi et al. [34]. Sawada et al.
[45] showed that the jet angle also affects the transitions of the sounding mode by artificial
blowing experiments. These changes of the fundamental register is accompanied by
hysteresis [2, 28, 29, 30, 46]. Terrien et al. [28] conducted time-domain simulations and
artificial blowing experiments, in which the blowing pressure was dynamically controlled
[46], to show that the threshold depends on the temporal changes of the blowing pressure.

For the flute, the player’s face inclination [48] and the area that the lower lip covers the
mouth opening [41, 48] have been also shown to affect the fundamental frequency
because they affect the radiation impedance around the mouth. Ernoult et al. [47, 48]
formulated the radiation impedance taking into account of the face inclination and the

mouth opening area [49].

- Harmonic Structure
The jet offset has been theoretically and experimentally shown to affect the harmonic
structure due to the temporal changes of the volume flow into the resonator (see Sec.2.3).

Ando [38] compared the effects of blowing parameters on the harmonic structure of a

8



flute, showing that the jet offset, the jet velocity and the exit-edge distance affect the
harmonic structure more than the jet angle; however, quantitative results have not yet

been demonstrated.

* Sound Pressure

The exit-edge distance and the jet velocity have been theoretically and experimentally
shown to affect the sound pressure because they change the jet admittance (or impedance)
for acoustic power generation (see Sec. 2.2.1.A) [8, 50]. Ando’s experiments [38] for a
flute showed that the jet width also affects the sound pressure. This seems to because that,
with increasing the jet width, the lip aperture area increases, which increases the volume

flow into the acoustic field (see Sec. 2.2.1) [50, 51].

1.4.2. Control of Blowing Conditions by Players

The actual control of the blowing conditions has been measured for players [20, 41, 52,
53, 54]. Fletcher [52] measured the blowing pressure, the exit-edge distance, and lip
aperture shapes of four flute players playing notes in four registers. In his measurement,
the blowing pressure was measured by inserting a catheter tube into the lip aperture, and
the exit-edge distance and lip aperture shapes were measured from photographs. The
photographed lip aperture shapes were almost oval with aspect ratios of 10:1 to 20:1. The
jet width was maximized when playing low notes loudly, which was almost the same
length as the spanwise length of the mouth opening. The jet width was reduced when
producing soft sounds or playing high notes. The blowing pressure and the exit-edge
distance were respectively increased and decreased with increasing pitch. The similar
control of the blowing pressure and the exit-edge distance were also observed in the
measurements by Vauthrin ef al. [54], which measured the blowing conditions along with
respiratory activities during a flute player playing a scale. To control the sound pressure
level without affecting the fundamental frequency, flute players seem to control the

volume flow into the acoustic field without affecting the jet velocity by opening or closing

9



the lip aperture [51]. To control the fundamental frequency, they seem to control the phase
condition between the jet and the perssure by changing the blowing pressure and the exit-
edge distance without affecting the volume flow. These measurements also show that
players change several parameters during playing, while the effects of the parameters

have been investigated independently.

1.5. Objective

The objective of this study is to elucidate the mechanism by which the radiated sound
changes with jet conditions for flute-like instruments, which include blowing conditions,
such as the jet angle in a flute, and the instruments shape, such as a windway in a recorder.
Focusing on the interaction between the airflow and the sound, this study shows the
following:

An analytical method for quantifying jet fluctuations to clarify the mechanism
for sound change.
The effects of the blowing conditions on the jet behaviors and the radiated sound.

These objectives are based on the motivations below.

Identification of the conditions mainly contributing to sound change

This motivation is for practical use of investigations on the sounding mechanism. In
actual performances by human players, the blowing parameters may not always change
independently. Identifying blowing parameters that mainly contribute to the sound change
may give a cue to improve playing method. In instrument designs, the shapes of multiple
parts of instruments vary depending on the instrument’s models. Identifying parts that
mainly contribute to the sound change may allow to determine which of parts to be
reshaped.

For these identifications, quantifying differences of jet fluctuations due to changes of
conditions is useful. Direct aeroacoustic simulations probably allow refinement of the

formula for jet fluctuations. This study proposes an analytical method that quantify jet
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fluctuations with a formula based on results from direct aeroacoustic simulations. This

method is proposed for the recorder, which does not include the jet angle as a parameter.

Enhancement of knowledge on how sound changes when conditions
change

In addition to the identification, knowledge on how sound changes with conditions of
blowing and shapes is useful for instruments playing and designing. Various studies have
been conducted to clarify the effects of the blowing conditions on the sound; however,
the changes of jet direction in actual flow fields as well as their mechanisms have not yet
been fully clarified. When the jet direction is changed, the jet angle and the jet offset
change. For these changes, the followings have remained unclear: the effects of jet angle
on the harmonic structure, and effects of geometrical relationship between the jet
direction and the edge on the jet fluctuations. The jet direction may relate to what flute
players perceive as the air-stream direction, which have been considered to be an
important consideration for flute players to control pitch and timbre [3, 4]. Also, by
changing the jet direction, the angle between the jet and the edge wall changes; thus, the
jet direction relates the design of the inclination of the edge wall. Therefore, this study

focuses on the jet direction and shows its effects on the sound.

1.6.  Thesis Layout

In Chapter 2, the sounding mechanism in flute-like instruments and the control of the
radiated sound by players are explained with reference to preceding studies.

In Chapter 3, an analytical method for quantifying jet fluctuations is presented to
identify conditions that mainly contribute to the difference in acoustic mode
predominancy of two recorders. A formula representing jet fluctuations is proposed based
on the results from direct aeroacoustic simulations. This study has been published in 2019
from The Journal of the Acoustical Society of America [34].

In Chapter 4, the effects of the jet angle on the harmonic structure are shown in
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comparison with those of other blowing parameters (flow rate, jet offset, exit-edge
distance) using an artificial blowing device. The mechanism whereby the harmonic
structure changes with the jet angle is also shown in terms of the flow field measured with
a hot-wire anemometer. This study has been published in 2021 from Acta Acust. [39].

In Chapter 5, the numerical methods in Chap. 3 are applied to a flute to show the effects
of the jet direction on the jet behaviors and the radiated sound. Direct aeroacoustic
simulations on the flute are performed under the conditions of two jet offsets. The
discussions are applied to the effects of jet angle on the jet shown in Chap. 4.

In Chapter 6, main findings in Chap. 2-5 are summarized.

Please note that, in the current work, the effects of blowing conditions are investigated
for the geometrically independent parameters, such as the jet angle and the jet offset, and
the jet velocity. How humans actually control them is not included in the scope of this
study. Also, the radiated sound is evaluated as follows.

- The sound pressure levels (SPLs) at about twice as high as the frequency of the first
acoustic mode are discussed as the second acoustic mode. In the same way, the
third and the higher modes are defined. The exact distinction between the second
acoustical mode and the second harmonic of the first mode might be a problem for
future study.

- The harmonic structure is evaluated from the difference of SPLs of the second to

the third harmonic,

ASPL (= SPL,—SPL3), (1.1)

with reference to Ref. [42], which evaluates the difference of SPLs between even

and odd harmonics.
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2.  Musical Acoustics in Flute-
Like Instruments

2.1. Jet Fluctuations
2.1.1. Free Jet Flow

When there is no acoustic field, a free jet flows while entraining the surrounding fluid.
At the exit, the initial velocity profile depends on the length and the shape of a channel,
in which the boundary layer of the jet is formed on the wall surface [55]. The emitted jet
spreads and decelerates as it travels (see Fig. 2.1). The potential core of the jet, where the
central velocity is kept constant, vanishes in the development region. In the development
region, the velocity profile of the jet is similar [55]; therefore, the velocity and the width
are usually nondimensionalized with the maximum velocity and the halfwidth of the
velocity profile, respectively. Connecting the outer edges of the velocity profiles in the
development region, and extending the connected lines to upstream, the lines intersect at
the virtual origin, xo. This virtual origin is used for investigating jet behavior in the

development region.
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Figure 2.1 Velocity profile of free jet emitted from a channel.
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2.1.2. Jet Instability

In flute-like instruments, the jet is disturbed by the acoustic oscillations in the resonator.
Rayleigh [18] analyzed the instability of a jet subjected to acoustic disturbances. Under
the assumption of the inviscid and incompressible two-dimensional fluid, the instability
of the jet is derived from the equation for vorticity conservation around an acoustically

disturbed jet. This jet instability is expressed by the following equation using a stream

function [6, 16, 18, 19, 56]:

Yo U
(U - %) ( 92 - - “ZWamp> ~ Yamp aygy) =0. 2.1)

Here, U(y) is the streamwise velocity of an undisturbed jet, and the solution, y, is the

following stream function:

i(wt—ax)
b

Y= llfamp(J’)e (2.2)
where y,,, is the amplitude of y, w and a represent the temporal and the spatial
periodicity, respectively.

There are two analyses for y: the spatial and the temporal analysis. The spatial
analysis assumes a spatial development of the jet, in which the coefficients @ and a are
areal and a complex («¢ = Re(a) + ilm(a)) number respectively. The stream function y
1s written

_Re(@)

Yy = ll/amp(J/)eiw<l @ x>elm(a)x‘ (2.3)

As the jet travels in the streamwise direction (x), the fluctuation of the jet amplifies at the
amplification rate Im(a) and convects at the velocity U, = @ / Re(a). On the other
hand, the temporal analysis assumes a temporal development of the jet, in which the
variables @ and a are a complex (w = Re(w) + iRe(w)) and a real number respectively.
The stream function y is written
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The values for @ and w have been analytically and experimentally studied [6, 18, 57,
58]. Freymuth [6, 57] experimentally investigated them by exciting acoustic disturbances
with a loudspeaker and measuring velocity distributions with a hot-wire anemometer. The
experimental results of a and @ were compared with those calculated from the spatial
and the temporal analysis. As a result, a better agreement was found with the spatial

analysis.

2.1.3. Formulas for Jet Fluctuations
The jet fluctuations in flute-like instruments have been formulated on the basis of the
spatial analysis. Fletcher et al. [9] proposed a semi-empirical formula for the jet

displacement:

v
n(x,t) = (M) {sin(wt) — cosh(ax) sin la) <t - i)l } (2.5)
w U,

where V, .mp 1s the amplitude of the transverse acoustic particle velocity in the mouth:

Vi) =V,

p.ampCOs (@1) . Equation (2.5) superposes two components: the spatially

uniform displacement (the first term) and the spatially propagating displacement (the
second term). The first term represents the jet oscillation with the acoustic particle
displacement &(f) = /(; Vip(s)ds = (Vap’amp / a))sin (wt). The second term represents the
jet instability based on the spatial analysis, which is initiated by the acoustic oscillations
at the exit (x =0). The variables @ and a here are the angler velocity and the
amplification rate that respectively correspond to @ and Im(a) in the spatial analysis.
Since the spatially uniform and the spatially propagating displacement respectively
represent the jet oscillation due to the acoustic oscillation and the fluid dynamical jet

instability, they are called the acoustic (#,,) and the fluid-dynamic (#p,4) jet
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displacement in this study. The spatial and the temporal behaviors of the jet assumed by

Eq. (2.5) are described below.

- Spatial Behavior: Growth

Although Rayleigh [18] assumes exponential growth of the jet, Eq. (2.5) uses
cosh (ax) to impose the boundary condition that the jet amplitude at the exit is zero
(n(0,t) = 0). Near the edge (x =1), the amplitude of the spatially propagating
displacement is generally much greater than that of the spatially uniform displacement;

thus, the spatially uniform displacement can be ignored [9].

- Temporal Behavior: Phase of Jet and Pressure

In Eq. (2.5), the jet oscillations at the distance x, x(x,?), delays by wx / U_ from
those at the exit (7(0, 7)) and the acoustic particle displacement &(7). In standing waves,
the phase of the pressure in the resonator (p,(¢)) delays z /2 from the acoustic particle
velocity (v,,(1)) [59]. Since the phase of &()(=dv,, /df) also delays z /2 from
Uap(®), pr(2) and &(¢) are in-phase. Hence, wx / U, also corresponds to the phase delay
of n(x,t) from p.(¢). The phase relationship between the jet fluctuations at the edge
(n(1,1)) and the pressure fluctuations (p, (7)) affects the acoustic power generation [2, 51,

60]. The optimum phase relationship is described in Sec. 2.2.1.A.

Although the lack of physical background has been pointed out [2, 61], Eq. (2.5) has
been confirmed to be in agreement with the experimental results by Fletcher et al.’s [9],
except under low jet velocity conditions.

Some studies have proposed variations of formula for the jet displacement [19, 20].
Verge et al. [19] proposed a modified version of Eq. (2.5) based on the formula proposed
by Powell [62]. De la Cuadra [20] reduced a formula to only a spatially propagating

displacement:
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(2.6)
where 7y ., 1s the initial jet amplitude at the exit. This formula was fitted with the jet
visualized by Schlieren method, and the values of 7 ., U, and a were estimated [20,

63].

2.1.4. Characteristics of Jet Fluctuations
Values of the parameters in the formulas have been theoretically and experimentally
estimated. In addition, jet fluctuation characteristics not included in the above-mentioned

formulas have been also discussed.

- Convection and Amplification

The convection velocity (U,) and the amplification rate (a) depend on the ratio of the
wavelength and the jet thickness [2, 18]; therefore, U, and a have been studied as
functions of kh, where k and h(= 2b) are the wave number and the jet height (or
thickness) respectively.

When imposing symmetrical or asymmetrical perturbations on both sides of the jet,

varicose or sinuous oscillations appear on the jet (see. Fig. 2.2).

/_\r/—\

(a) sinuous

(b) varicose
I—»x

Figure 2.2 Spatial oscillation of jet: sinuous and varicose, where b is the half width of

the jet.
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Under a standard blowing condition of flute-like instruments, sinuous oscillations are
dominant [2, 16]. Rayleigh’s analysis [18] for inviscid fluid has been extended to sinuous
oscillations, showing that U, and a monotonically increase with kb.

Taking into account viscous effects, U, and « for jets with shear layers, like jets with
bell-shaped velocity profiles, have been calculated [6, 58, 64, 65]. The calculation by
Drazin et al. [64] shows that the convection velocity monotonically increases with kb,
while the amplification rate increases up to ab =~ 0.4 in kb < 0.6 and decreases to
ab =0 in kb > 0.6 like a convex curve with a peak at kb = 0.6. These calculations do
not take into account other effects of viscosity on the jet, such as the spreading of the
velocity profile, where the jets are assumed to keep the same velocity profiles during
traveling. Fletcher and Thwaites [10, 21, 22] studied the effects of the spreading on U,
and a. They formulated U, as a function of integration of the nondimensionalized
momentum flux along a velocity profile, J = M / p = f_°°oo U?dy, which is assumed to
be conserved along the jet. They estimated U.(J) by measuring jet velocities in an organ
pipe with a pitot tube, showing that U_ decreases with x~1/2 Based on the principles
of similarity and self-preservation, the maximum velocity of the jet, U, (x), also

decreases with x~172

[66]. From these, the ratio of the convection velocity to the jet
central velocity, U, / U,,(x) is estimated to be constant along the jet. Thwaites et al.’s
obtained the jet velocity by pressure measurements with a pitot-tube, showing that
U,/ Upyax(x) 1s almost 0.5 [21]. Their measurements for @ showed that a increases up
to a peak value ab = 0.5 around kb = 0.6 and then decreases toward zero [22]. This
tendency, a convex curve like behavior of ab with a peak around kb = 0.6, is consistent
with the calculation for non-spreading jet [64]. Yoshikawa [23] conducted jet
visualizations for organ pipes and showed that the convection velocity
nondimensionalized with the maximum velocity at the exit, U, / Uy .4 1S estimated to
be almost 0.4 near the midpoint between the exit and the edge.

The values of U, and a have been shown to depend on channel geometries [20, 23,

67]. De la Cuadra [20] investigated the effects of channel length and chamfer shapes on
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U, and a by visualizing jets emitted into an acoustically disturbed field. Analysis from
Schlieren images in 0.1 < Str,(= fh /U = kb / z) < 1.1 showedthat U, / Uy, are
respectively almost 0.5 and 0.3 for a short and a long channel and hardly change
depending on chamfer shapes. As the channel gets longer, the shear layer of jet develops
more due to viscosity. The convection velocity seems to depend on the shear layer
formation of the jet [20, 67], rather than chamfer shapes. The image analysis also showed
that @ changes with Str, like a convex curve, as observed in the calculations [58, 64]
and the measurements [22]. The peaks of « were around ah =~ 0.6 near Str, = 0.4 to
0.6, depending on chamfer shapes. The amplification rate seems to depend on chamfer

shapes, rather than channel length [20].

- Inclination of Jet Fluctuation Center

The formulas for the jet fluctuations in Sec. 2.1.3, Egs. (2.5) and (2.6) assume that the
jet oscillates symmetrical with respect to the vertical center of the exit (y = 0), i.e., the
time-averaged value of 5 (jet fluctuation center) is always zero ( = 0). However, due to
the Coanda effect caused by the entrainment of the surrounding air, the pressure gradients
around the jet seem to change the direction of jet near the edge [24, 68]. The changes of
1 in the streamwise direction have been observed in the visualizations for the jet in a
recorder-like instrument [24, 25] and a stopped pipe [26]. Also, the jet fluctuation center

possibly changes with increasing the jet velocity [68].

- Initial Fluctuation Induced by Acoustic Feedback

The acoustic oscillations around the exit produce initial fluctuations of the jet, called
acoustic feedback. At the exit (x = 0), Eq. (2.5) assumes the followings to impose the
boundary condition #(0,¢) = 0:
- The feedback effects appear in #y,;4 at the exit.
- The initial amplitude of #y,;4 at the exit is the same with the amplitude of #,,.

- The phase of #y,;4 at the exit is opposite to that of 7,.,.
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However, the definition of the exit varies with studies; some studies define the exit as
the starting position of a chamfer [34], while some define as the ending position of a
chamfer [20]. The behaviors of the jet at the exit probably do not always be consistent
with the assumptions in Eq. (2.5). Taking into account that there are some fluctuations of
the jet at the geometrically defined exit (#(0,7) # 0), some formulas, like Eq. (2.6), have

an initial amplitude at the exit.

2.2.  Sound Source and Energy Loss
The jet interacts with the acoustic field around the edge to generate and maintain
acoustic radiation. The sound source produced by the jet has been modeled: the jet-drive
models for thin jets and the discrete vortex models for thick jets. The acoustic energy is
dissipated by the flow separation and vortex shedding around the edge. These productions

and dissipations have been studied theoretically.

2.2.1. Jet-Drive Model

The jet-drive models assume that the jet fluctuations around the edge drive the acoustic
oscillations in the resonator [16, 18, 69, 70, 71, 72]. There are two theories for the driving
mechanism: the volume-flow drive and the momentum (pressure) drive.

The volume-flow drive [70, 73] was first proposed by Helmholtz [70], assuming that

the jet provides the acoustic field with the volume flow g,4(?):

qu(t) ~ _Uedn(l?t) = UeSj(t)a (27)

where U, is the jet velocity at the edge, d is the spanwise width of the jet, / is the exit-
edge distance, and S is the cross-sectional area of the jet entering the resonator (.Sj(t) =
—dn(l,1)). When the jet deflects inside the edge (n < 0), the volume flow is provided to
the resonator (g, 4(t) > 0).

The momentum drive assumes that the jet provides the acoustic field with the pressure
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produced by the momentum exchange with air in the resonator:
Prma(®) = pUZ (Si(0) / S;), (2.8)

where p is the air density, and S, is the cross-sectional area of the resonator [2, 72].

Elder [69] and Fletcher [71] have shown that both the two driving mechanisms
contribute to the sound production. Combining the two contributions, the volume flow
provided into the resonator was formulated by Elder [69] and simplified by Fletcher [2,
71]:

Zpawa®) _ (pUAHip@AL)U,S;(1)
Zs - SrZs 5

0, (1) =2ni0 4 (2.9)

where Z is the impedance that connects the impedances of the resonator Z,. and the
mouth Z, =ipwAL /S, in parallel (Z,=Z + Z)), and AL is the end-correction
length at the mouth. The first and the second term are the volume flow provided by the

momentum and the volume-flow drive, respectively.

2.2.1.A. Phase Relation between Jet and Acoustic Field

The response of the acoustic field in the resonator to the jet has been studied from
equivalent circuit models [69, 74]. In these models, the jet is assumed to be a generator.
The admittance (or impedance) of the jet has been discussed by Cremer and Ising [73]
and measured by Coltman [8, 50, 75, 76] and Thwaites et al. [74]. The following jet
admittance is derived from the Fletcher et al. [9]’s formula for the jet displacement (Eq.
(2.5)) based on the equivalent circuit model connecting the admittances of the jet (Y}), the

mouth (Y},,), and the resonator (Y,) in parallel (See Fig. 2.3).

Y, ~ 2l (;im) cosh(al) exp [—i (%’ + d))] ¢ =tan"'(U, /@AL),  (2.10)

where Sy, is the cross-sectional area of the mouth excluding .Sj, the phase ¢ depends
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on the ratio of the contributions of the two driving mechanisms to Q,. Except for high
blowing pressure conditions, the volume-flow drive is predominant to the momentum
drive (wAL > U,); thus, the phase ¢ is small under practical conditions [2]. The jet
admittance Y] as a function of w, /, and the jet velocity at the exit U, draws a spiral as

shown in Fig. 2.4, where U is assumed to increase in proportion to U,y. This spiral-like

behavior of Y, has been also observed in the measurements [8, 50, 74, 75, 76].

Figure 2.3 Equivalent circuit model connecting the admittances of the jet (Y)), the
mouth (Y,,), and the resonator (Y,) in parallel, where the admittance of the generator

(Yy) consists of ¥; and Y, [2, 74].

Im(¥))

Generative <:| |:> Resistive

- Re(¥)

NIZ

Figure 2.4 Qualitative behavior of jet admittance Y; [51].

* Optimum Condition

There is a limit to the range of wl / U, that the jet generates acoustic power. When
ignoring ¢, the range for the acoustic power generation is 7 /2 < wl /U, <37 /2
[60], where Y; has a negative real part. Under the condition that the exit-edge distance

corresponds to almost the half wavelength (w! / U, = ), the jet admittance Y] is a
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negative real quantity. This is the optimal condition for the acoustic power generation [2,
511."

Figure 2.5 summarizes the phase relationship between the pressure in the resonator
(p,(1)), the acoustic particle velocity (Vap(t)) and displacement (&(¢)), the jet displacement
at the exit (n(0, ¢)) and the edge (n(/, 1)), the volume flow by the jet (g,4(?)), and the force
produced by the volume flow (% (¢)) in Sec. 2.2.1.B under the optimum condition of the
jet and the pressure. At the optimum condition, #(/,¢) delays x~ from p.(¢), where
wl / U, is the phase delay of n(l/,t) from p.(t) (see Sec. 2.1.3). From Eq. (2.7), this
anti-phase relationship corresponds to the in-phase relationship between p.(f) and g, 4(¢).
Under the optimum condition, the jet deflects inside the edge when the pressure in the
resonator becomes high, further promoting the compression of the air in the resonator
(see Fig. 1.2). This anti-phase relationship between #(/,#) and p.(f) has been also

observed in the visualizations for the jet in a flute-like instrument model [77] and an organ

pipe [11].
Phase[rad]

! Func
=
§ Pressure | Aco.particle Jet Vol. flow | Force
g
S 0 — | pr@® HO)] n@0,t) | qyq®)
~
g Vap(t) F®)
B — n(t)

-1

0 1
t/T

Figure 2.5 Phase relationship between the pressure (p, ), the acoustic particle
displacement (£) and velocity (V,;), the jet displacement (#), the volume flow (q,4),

and the force produced by the volume flow (&) under the optimum phase condition of

jet and pressure.

* Describing by time, the range of the convection time, 7,(= 1/ U,) for the acoustic power generation

is 0.25 <t, /T < 0.75, and the optimum condition is t, /T = 0.5.
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- Effects on Resonance Frequency
In the equivalent circuit model in Fig. 2.3, the stability condition for the acoustic

resonance is Y; + Y, + Y = 0. The imaginary parts of ¥, and Y, are

S,

Im(Y,,) = - <0, @2.11)
Im(Y,) = —j—icot (kL), (2.12)

where L is the resonator length. The change of Im(Y,) with ® is shown in Fig. 2.6.

Im(¥;)

g

Figure 2.6 Qualitative behavior of imaginary part of resonator admittance Y, [2].

At the optimal condition (Im(Yj) =0), Im(Y;) is positive to hold the stability

condition, as shown at point A in Fig. 2.6. When the jet velocity increases from the

optimal condition, Im(Yj) decreases, and Im(Y;) for the stability condition increases

(point B in Fig. 2.6); thus, the resonance frequency (w = 2z f) increases. When the jet

velocity decreases from the optimal condition, the resonance frequency decreases (point

C in Fig. 2.6). There is a limit to the resonance frequency that can be produced with a

certain length of the resonator. When the jet velocity increases (decreases) beyond a

threshold, the resonance frequency jumps to the next (former) acoustic mode [2].
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2.2.1.B. Acoustic Power Generation
The jet-drive models take into account the two volume flow injections by the jet: g, 4(?)

and —gq,4(¢) on both sides of the edge (see Fig. 2.7).

TR | <

qvd

Figure 2.7 Volume flow injections in jet-drive model [16].

Alternate motions of the air mass between ¢q,4(f) and —g,4(f) are assumed to act on the
acoustic field. The force produced by these motions, F, can be written in terms of a

pressure difference acting across the mouth:

F o Ap—= __L 599
—=Ap=-L674, (2.13)

mo mo

where 6 is the effective distance between ¢ 4(f) and —q.4(t), and S|, 1s the cross-
section of the mouth opening (S,,,, = /d).

The power generated by the jet drive is calculated by assuming that the volume flow is
locally a two-dimensional incompressible flow and that Ap is in-phase with the acoustic
volume flow of the acoustic particle on the mouth opening, g,,(1) = V,,(1)S,,, Which
corresponds to the optimum phase condition (see Fig. 2.5). The averaged acoustic power
generated over an oscillation period 7 is

P = Apgy, == [} /% Apgydt, (2.14)

where the jet is assumed to deflect inside the edge for half a period [16, 25, 77].
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2.2.2. Discrete vortex model

As the jet becomes thick, the upside and the downside of shear layers of the jet behave
independently; thus, the jet-drive model is not applicable. For thick jets, discrete vortex
models have been applied [13, 77, 78, 79] - for instance, Holger et al. [78, 79] and
Dequand et al. [77] respectively estimated the sound produced in edge tones and flutes
based on discrete vortex models.

A discrete vortex model was proposed by Howe [80] based on a two-dimensional
theory. In Meissner [81]’s description, the shear layers on the upper and the lower side of
the jet are described as discrete vortices. The discrete vortices are generated from the flow
separation point of the exit, where the vorticities are modulated, and assumed to drive the
acoustic oscillations in the resonator. When discrete vortices are convected toward the
edge, the following force vector is generated by the vorticity vector @ of a discrete

vortex and the velocity vector V' of the local fluid:

F =—rl@xV), (2.15)

where & is the force per unit volume, V consists of the mean velocity V and the
fluctuating component of the velocity V,,: V = V+ Vip- The acoustic power generated
by the vortices is calculated by Howe’s energy corollary [82]. The power density acting
on the acoustic field is &« V,,. The averaged acoustic power generated over an

oscillation period T is

Fo =3 I3 Iy, F o VipdVids, (2.16)

where the volume integration is taken over the source volume V that & « ¥, is not

vanish [16, 68, 72, 77].
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2.2.3. Criteria for model application

The criteria at which of the two models should be applied have been proposed based
on aspect ratios of the jet. Dequand et al. [77] conducted pressure measurements and jet
visualizations for flute-like instrument models and proposed the criterion based on the
geometrical aspect ratio: [ / h > 2 for a jet-drive model and / / h < 2 for a discrete
vortex model. For recorders, the geometrical aspect ratio is generally around / / h = 4,
where a jet-drive model is applicable. Auvray et al. [13] performed time-domain
simulations and extended the criterion to the fluid dynamic aspect ratio of the jet Agyq / A,
where Agiq 1s the fluid dynamic wavelength of the jet.

For flute-like instruments, jet-drive models are generally applied. In fact, vertical jet
fluctuations have been observed in flow visualizations for flute-like instruments [20, 23,
32, 33]. However, discrete vortex models seem to be useful to investigate the effects of
edge shapes on the sound production [13, 16, 17]. The aspect ratios of the flute and the
recorders investigated in this study are almost / / A =4 to 6 and Aq,;q / h = 12, where

the jet-drive models are applicable [13].

2.2.4. Loss of Kinetic Energy of Jet

In addition to the linear behavior of the jet assumed in the jet-drive model, nonlinear
behaviors should be taken into account to predict the oscillation amplitude in flute-like
instruments. A nonlinear behavior is caused by vortex shedding at the edge. The
interaction of the jet and the acoustic oscillation at the edge causes a flow separation,
resulting in the formations of vortices. Verge et al. [83] and Fabre et al. [84] conducted
flow visualizations and pressure measurements and respectively showed that the vortex
shedding at the edge affects the attack transient and the generation of high harmonics.

The pressure drop by the vortex shedding is formulated as

v, 2
Ap:—%p(TI’) sen(V,), 2.17)
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where y is the vena-contracta factor of the jet (y = 0.6 for a sharp edge). This pressure
drop opposes V,,, and thus limits the oscillation amplitudes of the acoustic field. The
vortex shedding dissipates the kinetic energy of the jet [16, 27, 85]. This effect of the
vortex shedding has been taken into account in the prediction of the oscillation amplitude

in an organ pipe by Fabre et al. [84, 86].

2.3. Harmonic Generation

The generation of harmonics by the jet-drive has been studied in terms of the temporal
changes of the volume flow entering the resonator [2, 12, 87]. When the jet reaches the
edge, the jet fluctuation center (17) does not always hit the tip of the edge; there can be an
offset between the jet fluctuation center and the edge. The calculations [12, 43, 87] and
time-domain simulations [88] have been shown that this offset, jet offset (relative height
of the jet fluctuation center from the edge), y;., affects the harmonic generation. Since
the jet fluctuates temporally, the volume flow entering the resonator, gq,4(7), also changes

temporally:
Gya(®) = [ dU(y.1)dy. (2.18)

Harmonics in ¢q,4(¢) is calculated by Fourier transform ¢q,4(¢) [2, 12, 87]. Fletcher et al.
[12] have calculated the internal source spectrum in an organ pipe, assuming that the

velocity profile of the jet has the following bell-shaped profile [89]:

U.(y,1) = Uy sech®[{y = n(1,1)} / Byet] (2.19)

where h, is a reference jet thickness, and the jet is assumed to go straight toward the
edge without bending.
Yoshikawa [87] has developed a filter function for the internal source spectrum to

derive the radiated sound spectrum shown in Fig. 2.8. The SPLs of even number
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harmonics are zero under the condition that the jet fluctuates symmetrically to the edge
(¥j. = 0) and increase as the jet fluctuates asymmetrical to the edge (as |yj.| increases)
almost within the range that the jet offset does not exceed the reference jet thickness
(| Vie/ href| < 1.0). Conversely, the SPLs of odd number harmonics are maximum at

Yje =0 and decrease as |y;,| increases almost within |y / As| < 1.0.

120
11
1
100
= 11
£
oo 80
o
S v
I
60
\'%
N [
-3 -1 0 1 3
Yj,e/href

Figure 2.8 Sound pressure spectrum radiated from an organ pipe, where p,4(?) is the

radiated sound pressure by the volume-flow drive. The value of dB is given by

subtracting 26 from 20log|p,q4|. (Calculated by Yoshikawa [87])

This tendency, in which SPLs of odd and even number harmonics behave in almost
opposite ways within a certain range of the jet offset, was also observed in the time-
domain simulations for a flute by Coltman [88]; however, in the measurements for an
organ pipe by Fletcher ef al. [12], the SPLs of the even and odd harmonics were not
completely zero for any of y; . provably because of incomplete symmetry in actual jets
and edge shapes. As mentioned in Sec. 2.1.4, the jet fluctuation center can be changed

with distance [24, 25, 26, 68]; thus, the actual jet offset can be different from the jet offset
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assuming a straight jet flow (y;.). These differences between the actual jet and the

assumptions can cause inconsistencies between the measured SPLs and the calculations.
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3. Analysis for Sound Change
Mechanism: Formulation and
Quantification of Jet Fluctuations
by Direct Aeroacoustic
Simulations

3.1. Introduction
To determine which of condition of blowing and shapes mainly contribute to a sound
change, this chapter proposes an analytical method for quantifying jet fluctuation
characteristics by representing predicted jet fluctuations from direct aeroacoustic
simulations with a formula. This method is utilized to clarify the mechanisms by which

two recorders have different acoustic mode predominancy in a certain velocity range.

3.2.  Chapter Layout

In Sec. 3.3, the geometries and the radiated sounds of two subject recorders are
presented. In Sec. 3.4, the methods for the computations. In Sec. 3.5, the formula
proposed to represent the jet fluctuations is described along with its verification. In Sec.
3.6, the quantified jet fluctuation characteristics are compared between the two recorders

to discuss the relevance of acoustic mode predominancy.

3.3. Flow Conditions

The flow and the acoustic fields around two different recorders that have different
acoustic mode predominancy in a certain velocity range [33] were analyzed based on the
results of direct aeroacoustic simulations. To reduce the computational cost, the recorders
have only three opened tone holes, as shown in Fig. 3.1. Their resonator length from the

mouth (window) opening to the resonator end is L = 198 mm. It is noted that these
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configurations were the same as those in the experiments and computations in Ref. [33].

Tone hole 1

y / Tone hole 2

Tone hole 0

Figure 3.1 Short recorder with three tone holes.

The main difference between the two recorders are the geometries around the jet
(channel or windway) exit and the edge. As shown in Fig. 3.2, the recorders have a
straight- and an arch-shaped exit and edge, and are called the straight- and the arch-shaped
recorder respectively. Table 3.1 shows the dimensions of the exit height, A, the mouth
opening distance from the exit to the edge, /, and the vertical position of the edge, y.,
where h is nondimensionalized with the edge thickness, h,. The origin of the coordinate
system was located at the center of the exit, which is the starting point of the chamfering.
The streamwise direction is the x-axis, its vertical direction is the y-axis, and the

spanwise direction intersecting with those two axes is the z-axis.

(a) Straight-shaped recorder. (b) Arch-shaped recorder.

Figure 3.2 Close-up around the jet exit and the edge.
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Table 3.1 Dimensions of recorders

Exit-edge Edge
Jet exit height
Recorder distance position
h/ h,
l/h Yo/ h
Straight 3.67 4.08 —0.269
Arch 3.04 4.59 —0.374

h.: the edge thickness

Simulations were performed under the conditions of 10 < U, < 65 m/s, where U, is
the cross-sectional averaged streamwise velocity at the exit (x = 0). While the first mode
was predominant in SPLs for the two recorders at 20 m/s, the first and the second mode
were found to be predominant in the arch- and the straight-shaped recorder at 35 m/s
respectively [33]. The results at Uy = 20 and 35 m/s are mainly discussed in this paper.

Reynolds number (Re = Uyh / v) is shown in Table 3.2, where v is kinematic viscosity.

Table 3.2 Reynolds number of recorders.

Reynolds number

Maximum velocity at exit

Recorder Re=Uyh /v U max[M/5]
Upy=20m/s | Uy=35m/s | Uy=20m/s | U,=35m/s
Straight 1699 2974 26.2 45.8
Arch 1407 2463 28.1 47.8

3.4.

The governing equations for the simulations of the interactions between the flow and
the acoustic field are based on the continuity equation, the three-dimensional

compressible Navier-Stokes equations, and the energy conservation equation. A volume-
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penalization (VP) method [90, 91], which is a kind of immersed-boundary methods [92],
was used to reproduce the complex shapes of the recorder on a rectangular grid. The

governing equations are expressed as follows:

Qt+(Hx_Gx)x+(Hy_Gy)y'l'(Hz_Gz)z:Fa (31)

where Q is the vector of the conservative variables, H is the inviscid flux vectors, G is

the viscous flux vectors, F is the penalization term:

p pu pv pw
pu puu+p puv puLw
O=|pv| H, = pou ,Hy: pvv+p || H, = pow ,
pw puwu pwv pww +p
\pE) \(pE + pu) \(pE + p)v) \(pE + pyw)
0 0 0
Txx TXy Txz
Gx = Tyx s Gy = Tyy N GZ = TyZ N GlS = ujTl] - ql’ (32)
Trx sz Trz
Gx5 Gy5 GZS
Opuio/ ox;
1
F=-(5-1)x| o | 2=025,
0
U o /

where u, v and w are the velocities in the x, y, and z direction in the computational

space, E is the total energy, 7;;

; 1s the viscous stress tensor, g; is the heat flux. The

indexes i, j follow the Einstein summation convention. The parameter Q was adjusted to
0.25 for the approximately perfect reflection of the sound wave on the objects without

the computational unsteadiness. The mask function y is
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1(inside object
)(={ (inside object)

O(outside object)’ (3.3)

Spatial derivatives were evaluated by the sixth-order compact finite-difference scheme
(fourth-order accuracy at boundaries) [93]. Time integration was performed by the third-
order Runge-Kutta method [94].

To reduce computational instability [95], the following 10th-order spatial filter was

used:

5

oGy + G+ Gy = Z

n=0

ﬂ/
D Cnt € G4)
where ¢ and £ are a conservative and a filtered quantity respectively. Coefficient ' "

has the same value as that used by Gaitonde and Visbal [96], and the value of o'; is 0.45.

3.4.2. Computational Grid

The computational domain, shown in Fig. 3.3, was divided into three regions: a vortex
region, a sound region, and a buffer region. The shape of the computational grid is
rectangular. The grid spacing varied between the regions and was smoothly stretched from
the vortex region to the buffer region.

In the vortex region, the minimum grid spacings were Ax = Ay = 0.05 mm, Az =
0.15 mm around the exit and the edge, as in Refs. [32, 33], where these spacings have
been confirmed to be sufficiently fine to capture the jet fluctuations and vortices around
the edge [32]. In the sound region, more than 10 grid points were used per fundamental
wavelength to capture the propagation of acoustic waves. In the buffer region, the grid
was stretched to attenuate acoustic waves to prevent intense reflections of the acoustic

waves on the boundaries [97]. The total number of grid points was approximately 7.7x10’.
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X Non-reflecting boundaries
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Figure 3.3 Computational domain and boundary conditions.

3.4.3. Boundary and Initial Conditions

The boundary conditions of the computation are shown in Fig. 3.3. Non-reflecting
boundaries [98, 99, 100] were used at the boundaries of the x- and y- directions, and
periodic boundary conditions were adopted in the z-direction. To reproduce the jet from
the windway, the blowing velocity was imposed in the inlet region of the windway, as

shown in gray color in Fig. 3.3.
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3.4.4. Validation of Computational Methods

The above-mentioned computational methods have been validated in Ref. [33] by
comparing the predicted jet fluctuations with those measured by particle image
velocimetry along with the comparison of predicted and measured sound spectra.

Figure 3.4 shows the variation of the fundamental frequency (frequency with the largest
SPL), f, with the jet velocity (Uy), predicted and measured for the two recorders. The
predicted fundamental frequencies approximately agreed with the measured values. The
measured fundamental frequency shifts from the first to the second mode around U, =
30,50 m/s in the straight- and the arch-shaped recorder, respectively. The present
simulations correctly predict the feature that the shift of the fundamental mode occurs at

a higher jet velocity in the arch-shaped recorder than in the straight-shaped recorder.

2000
Mg O © o
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3
= 1000 |
& W\m@ QO O @
~ g.P O ®
B Straight(comp.)
500 [] Straight(exp.)
@® Arch(comp.)
O Arch(exp.)
0 M M
0 20 40 60 80
U, [m/s]

Figure 3.4 Predicted and measured variation of the fundamental frequency (frequency

with the largest SPL) f,, with the jet velocity U, [33].
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3.4.5. Results
3.4.5.A. Radiated Sound

The radiated sound pressure spectra were measured at a distance of 90 mm from the
exit (x =0 mm, y =90 mm, z =0 mm) (see Fig. 3.3). The predicted sound pressure
spectra by the direct aeroacoustic simulations at Uy = 20 and 35 m/s are shown in Fig.
3.5. The frequency resolution was 78 Hz. At both the velocities, the frequencies of the
first modes of the two recorders are around 800 Hz, and the SPLs of the first modes are
almost the same. The frequencies of the second modes of the two recorders are around
1600 Hz, and the SPLs of the second modes are more intense in the straight-shaped
recorder than that in the arch-shaped recorder. In the straight-shaped recorder, the SPL of
the second acoustic mode is more intense than of the first mode at U, = 35 m/s, where

the radiation for the second acoustic mode is predominant.
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Figure 3.5 Sound pressure spectra (x =0 mm, y =90 mm, z =0 mm).
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3.4.5.B. Pressure Amplitude in Resonator

This study evaluates the standing waves by the pressure fluctuations along the line
connecting the center lines of the resonator and the mouth opening shown in Fig. 3.6,
where the xg-axis is the direction from the mouth to the resonator end along this line and
the origin is the intersection of the center lines. Figure 3.7 shows the nondimensional
amplitudes of the first mode (half-wavelength acoustic mode) and the second mode (one-
wavelength acoustic mode) of the pressure fluctuations (p’) along the path of standing
waves, Pump / p;mp’ I.max » Where values are nondimensionalized with the maximum
amplitude of the first mode. At both the velocities, the nondimensional pressure amplitude
of the second mode is larger in the straight-shaped recorder than in the arch-shaped
recorder. With increasing the jet velocity from U, = 20 and 35 m/s, the relative pressure
amplitude of the second to the first mode is more increased in the straight-shaped recorder
than in the arch-shaped recorder. Inside the resonator (between the mouth opening and
the tone hole 0), the pressure amplitude of the first mode is predominant in both the
recorders under U, = 20 and 35 m/s. Outside the resonator, the pressure amplitude of
the second mode is larger than of the first mode in the straight-shaped recorder at U, =
35 m/s; therefore, the radiation for the second acoustic mode is predominant, as shown

in Fig. 3.5(b).

Mouth opening Tone hole Resonator end

Path of standing wave

Figure 3.6 Definition of the path of standing wave, where the x,-axis is the direction
from the mouth to the resonator end along the path and the origin is the intersection of

the center lines of the resonator and the mouth opening.
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(b) Uy =35 m/s
Figure 3.7 Nondimensional amplitude of the first and the second mode of pressure
fluctuations along the path of standing waves, where values are nondimensionalized

with the maximum amplitude of the first mode of pressure fluctuations. Black lines

show tone hole positions.
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3.4.5.C. Velocity Profile of Jet

Figure 3.8 shows the profiles of the time-averaged streamwise velocity U at the
spanwise center of the exit (x = 0, z = 0), where the values are nondimensionalized with
the maximum velocity at the spanwise center of the exit, Uy ,,x- The velocity profiles of

the two recorders are similar.
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Figure 3.8 Profiles of the time-averaged streamwise velocity at the spanwise center of

exit (x =0, z=0).
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3.5. Formulation of Jet Oscillations
3.5.1.A. Formulation of Jet Displacement

As described in Sec. 2.1.3, Fletcher’s formula [9] for the fluctuations of jet
displacement (Eq. (2.5)) consists of the two components: the fluid dynamic and the
acoustic jet displacement. This decomposition of jet displacement can allow the
quantifications of the spatial and the temporal relationship between the fluid dynamic
oscillations of the jet and the acoustic oscillations in the resonator, e.g., the acoustic
feedback effects on jet, the phase relation between the jet and the acoustic oscillations.
Also, Eq. (2.5) has been confirmed to be in agreement with the experimental results [9].
Modifying this formula, this study proposes a formula that fits jet fluctuations predicted
by the computations.

The computational results are shown in Figs. 3.9 and 3.10. Figure 3.9 shows the
temporal variation of the profile of predicted streamwise velocity at the spanwise center
of the exit (x = 0, z = 0), where T; is the period of the first acoustic mode and # = 0 is
the instant of expansion in the resonator evaluated at the antinode on the standing wave
path in Fig. 3.6. The peak of each velocity profile was obtained by a polynomial
approximation to determine the peak from the outline of the profile, not from the
unevenness of the local flow velocity. The instantaneous peak position changes with time.
This indicates that the amplitude of jet fluctuations at the exit is not zero, whereas the
initial jet amplitude at the exit (x = 0) is assumed to be zero in Eq. (2.5). Figure 3.10
shows the contours of the time-averaged streamwise velocity at the spanwise center (z =
0). The distributions of velocity inclines inside the resonator. This indicates that the time-
averaged position of jet inclines as it approaches the edge, while Eq. (2.5) assumes a
symmetrical oscillation of the jet with respect to the center height of the exit (y = 0).
These behaviors of jet, the initial jet amplitude and the inclination of time-averaged
position of jet, were observed in both the recorders under the conditions of U, = 20 and

35 m/s.
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Figure 3.9 Predicted temporal variations of streamwise velocity profile at spanwise
center of the exit (x = 0, z = 0) in the straight-shaped recorder under condition of U, =
35 m/s, where T is the period of the first acoustic mode and # = 0 is the instant of

expansion in the resonator evaluated at the antinode on the standing wave path in Fig.

3.6.

(a) Uy =20m/s (b) Uy =35m/s

Figure 3.10 Predicted time-averaged streamwise velocity at the spanwise center (z =

0) in the straight-shaped recorder.
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Taking into these characteristics, this study proposes a formula taking into account that
the time-averaged value of the jet displacement (jet fluctuation center, #7(x)) varies in the
x-direction and that the jet amplitude at the exit (x = 0) is not zero. The formulation of

the proposed formula is as follows:

n(x’ t) = Zn nn(x, t) + ﬁ(x) = Zn{nﬂuid,n(x’ t) + naco,n(t)} + ﬁ(x)’ (35)

The definitions of parameters in Egs. (3.5)-(3.7) are shown in Table 3.3. The jet
fluctuations with multiple modes are expressed as the superposition of the oscillation at
each mode. The jet oscillation at the nth mode consists of the fluid dynamic jet
displacement, 7,4 ,, and the acoustic jet displacement, 7, ,, With n(x) as the jet

fluctuation center. The formulations of 74, and 7, , are

. 2 4
nﬂuid,n(x’ t) = eanxAﬂuid,"SHl [Tn {t - (tc’”(x) + tO,n + taco,n + tP’”)} - 5] ’ (36)

’Taco,n(t) = Aaco,nSin [%[ {t - (taco,n + tp,n)} - %] . (3.7)

The spatial behaviors of these displacements are as follows. These two displacements

have amplitudes at the exit: Agy;q, for the fluid dynamic displacement, A for the

aco,n
acoustic jet displacement. As the jet travels downstream, the amplitude of the fluid
dynamic jet displacement amplifies at the amplification rate «,, while the amplitude of
the acoustic jet displacement is constant. The temporal behaviors are as follows. The
acoustic jet displacement (7, ,) is in-phase with the acoustic particle displacement

(&) = (Vapnamp / @p)sin 270 / T, {t = (tyeo +1,,)} =% /2] ). Here, &, delays

from the nth mode of pressure oscillation by ¢ where the nth mode of pressure

aco,n?
oscillation is assumed to delay by 7,, from its first mode. The fluid dynamic jet
displacement (#y,54,,) delays from the acoustic jet displacement by 7, at the exit. As
this oscillation is convected, the oscillation delays by 7. ,(x).
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Table 3.3 Definitions of parameters in Egs. (3.5)-(3.7).

Parameter Definition
n Mode of jet fluctuation
a, Streamwise amplification rate of the fluid dynamic jet displacement
Afyig,, | Initial amplitude of the fluid dynamic jet displacement
Aacon Amplitude of the acoustic jet displacement
T, Time period of nth acoustic mode
Time delay of nth mode of the pressure fluctuations in the resonator
o (p',,,) from its first mode (p’;. ;)
Tacon Time delay of acoustic jet displacement (#,, ,) from p’, ,
Time delay of fluid dynamic jet displacement at the exit (my;4.,(0, 1))
o | from Maco.n
Time delay of fluid dynamic jet displacement at each streamwise
feal) position (sy;4.,(x, 1)) from that at the exit (n;4.,(0, 7))

From these definitions, the values for 7, and 7 ,(0) are zero. The reference time (1 =
0) is the instant when p’,; exhibits its minimum. The acoustic jet displacement (7,,_,)
is assumed to be in-phase relation with the fluctuations of the acoustic particle
displacement around the mouth (&), referring to Eq. (2.5).

The relation between 7. ,(x) and the convection velocity is:

ten(¥) = 51/ U, (s)ds, (3-8)

where s is a distance in the x-direction. In Eq. (3.6), the convection velocity of the fluid
dynamic jet displacements (U, ,) is the function of x, while U, is constant in Fletcher’s
formula [9]. This modification takes into account that the convection velocity may

decrease with x, as observed in the jet visualization for organ pipes by Yoshikawa [23].
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3.5.1.B. Estimation of Blowing Parameters
The parameters in Eqgs. (3.5)-(3.7) were estimated by fitting the computational results

to the formula. In preliminary operations, the fluctuations of the jet displacement (1(x, 1)),

the pressure (p’;,), and the acoustic particle velocity (Vap,n) Were evaluated from the

computational results in the following manner:

+ The jet displacement was evaluated from the velocity distributions on the cross section
of the spanwise center (z = 0) because the jet behaviors are almost two-dimensional
along the spanwise extent of the exit. This study defines the jet displacement (y(x, 1))
as the y-coordinate value of the instantaneous peak position of a velocity profile.

- The specific mode of fluctuations was extracted by performing Fourier transformation
of the fluctuation, imposing zero on the amplitudes of the other modes, and performing
an inverse Fourier transformation.

* The nth mode of the pressure fluctuations (p’; ) was evaluated at its antinode on the
standing wave path in Fig. 3.6.

* The acoustic particle velocity around the mouth (V,, ,) was evaluated by averaging the
vertical velocity (V') in the mouth field close to the exit (x /A~ 1,-7 <y / h < =2),
where the effects of the jet fluctuations are negligible. The amplitude of V,,, was

p,n

evaluated from /2 of the rms value of V,, .0 Vi, amp = \/EI/ap,n,RMS' The acoustic
particle displacement ( &,(f) = (Vap,n,amp / o,)sin |2z / T){t = (tacon + tp,n)} -

T/ 2]) was calculated from V(1) = Vi, amp SID [(27r / Tn){t — (facom + tp’n) }]

The time delay of #,.,, from p;, (t,,,) Was estimated from &, and p;,, where
Naco,n @nd &, are assumed to be in-phase. The jet fluctuation center (n(x)) was calculated
by time averaging n over one fundamental period. The other parameters, a,, Agyig
Aqcons T and 1 ,(x), were obtained by the following fitting procedure:

1. Toreduce the number of parameters, the differential jet displacement from the exit,

which cancels out the acoustic jet displacement, was derived from Eq. (3.6):
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’Tdiff,n(X, t) = nn(x’ t) - rln(o’ t) = nﬂuid,n(x’ t) - nﬂuid,n(o’ t) (39)

The amplitude of 74, is written as

2 2
Maitt n,amp (X 1) = [ezanxAﬂuid,n - 2ea"xAﬂuid,nCOS{ 2t ,(x) [ T,,}
(3.10)
) 1/2
+ Aﬂuid,n] .

The computational results of 7yt ,, amp(X, 7) Were fitted to Eq. (3.10) to obtain
Afiig,n and a,. Here, the initial value for 7, ,(x) was determined from Eq. (3.8),
assuming U, , = 0.4U .x [23]. In the second and the subsequent iterations of the
procedure, the obtained value of 7, (x) in the previous step was given.

2. The parameters 7, and A were obtained by fitting the jet displacements of

aco,n
the computational results at the exit to #,(0, 7).

3. The time delay 7.,(x) was obtained by fitting the jet displacements at each
streamwise position to #,,(x, t).

4. The amplification rate a, was corrected by fitting the jet amplitudes of the

computational results to the numerical expression for the jet amplitude:

| 2a,x 42
nn,amp(x’t) - [e 8 Aﬂuid,n

— 2™ Af1yig nAaconCOS {27r<tc,n(x) + to,n) / T,,} (3.1

1/2
2
+ aco,n] .

The parameters (a,, Agyig,» A fo..»and 7 ,(x)) were solved by an iteration method.

aco,n’
This procedure was repeated until the change rate of each parameter, a, at nth fitting,

I(a" = a" 1) / a"|, was reduced to about 2%.
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3.5.1.C. Validation for Proposed Formula

Figures 3.11 and 3.12 show the spatial and the temporal variations of the first and the
second mode of the jet displacement in the straight-shaped recorder at U, = 35 m/s. The
square symbols show the jet displacement predicted by the direct aeroacoustic
simulations. The curves show the jet displacement by the formula. The cross symbols
show the jet fluctuation centers. The spatial and the temporal variations of the jet
displacement predicted by the direct aeroacoustic simulations fitted well with the formula.

Figure 3.13 shows the jet amplitudes of the first and the second mode and the error rate
of the formula to the computational results. The averaged error rate was almost within
10%. The error rate in the second mode is higher than in the first mode. The error rate
seems to increase as the jet amplitude becomes small. The jet amplitude of the second
mode in the arch-shaped recorder at U, = 20 m/s was too small to give accurate fitting
results; therefore, the jet fluctuations are compared between the two recorders in terms of

the first mode at U = 20 m/s and the first and second mode at U, = 35 m/s.
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Figure 3.11 Spatial variations of the jet displacement for the straight-shaped recorder
at Uy = 35 m/s, where cross symbols indicate positions of the jet fluctuation center,

and T} and T, represent the time periods of the first and second modes.
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Figure 3.12 Temporal variations of the jet displacement for the straight-shaped recorder
at Uy = 35 m/s, where T} and T, represent the time periods of the first and second

modes.
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Figure 3.13 Jet amplitude and error rate in the straight-shaped recorder at Uy = 35 m/s.
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3.6.  Analysis of Jet Fluctuations
The jet fluctuation characteristics are quantified based on the obtained values of the
parameters to discuss the difference in the acoustic mode predominancy of the two

recorders.

3.6.1.A. Jet Offset

Figure 3.14 shows the spatial distributions of the jet fluctuation centers (7). In all cases,

the jet fluctuation center inclines to the inside the resonator as the jet approaches the edge.

0 y—
i
L O E E O ;
-0.2 | Straight, edge
°e m 0
g -0.3 ' O o Arch, edge ]
-0.4 ' U, [m/s] | Recorder [ P
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| Arch (]
-0.6 F 35 Straight | []
- Arch O
_0.7 L 1 L 1 1 1
0 1 2 3 4 5
x/h

Figure 3.14 Spatial distributions of jet oscillation centers, where the edge positions are

the positions in Table 3.1

In both the recorders, the jet fluctuation centers at the edge were around 5 / h = —0.4
and —0.5 at U, = 20 and 35 m/s respectively. The vertical positions of jet fluctuation
center at the edge are almost the same in the two recorders. The actual jet offsets (relative
height of # from the edge), Yae» are shown in Table 3.4. Since the edge height of the
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straight-shaped recorder is higher than of the arch-shaped recorder (see Table 3.1),
|Yae / A| was about 0.1 larger in the straight-shaped recorder than in the arch-shaped
recorder at both the jet velocities. The theoretical calculations for organ pipes [12, 87]
have shown that the SPL of the second harmonic becomes intense with the increase of the
absolute value of the jet offset within the range of the actual jet offset in the present cases
(Iyae / A | <0.25). This difference of y, . due to the edge height can be a factor of the
difference in the acoustic mode predominancy. This possibility is verified by an additional

simulation in Sec. 3.6.2.

Table 3.4 Nondimensional actual jet offset.

U, Actual jet offset
Recorder
[m/s] Yae/ P
Straight —0.16
20
Arch -0.06
Straight —0.23
35
Arch —0.12

3.6.1.B. Phase of Jet and Pressure

Table 3.5 shows the initial amplitudes and the time delays of the fluid dynamic and the
acoustic jet displacement at the exit. The time delay of the fluid dynamic to the acoustic
jet displacement was in the range of 1, / T,, = 0.6-0.75 for both the first and the second
mode of the two recorders. Although the two displacements were not completely in the
opposite phase, the sign of the fluid dynamic displacement can be opposite to that of the
acoustic displacement. This supports the generation of a negative fluid dynamic
fluctuations of the jet due to the acoustic particle fluctuations at the exit, as assumed in

Fletcher’s formula [9]. Also as seen in Table 3.5, at the exit, A can be comparable to

aco,n

Af1uid.n» indicating that the acoustic jet displacement is not negligible. The evaluation of

54



the acoustic jet displacement allows obtaining the net value of the convection velocity of

the fluid dynamic jet displacement.

Table 3.5 Nondimensional blowing parameters in Egs. (3.5)-(3.7).

Fluid dynamic jet displacement Acoustic jet
(x=0) displacement (x = 0)
U, Mode Time delay to
Recorder
[m/s] n Amplitude acoustic Amplitude
Afian/ h displacement Agcon/ h
tO,n / Tn
Straight 1 0.118 0.653 0.103
20
Arch 1 0.070 0.608 0.081
1 0.093 0.750 0.166
Straight
2 0.071 0.708 0.015
35
1 0.075 0.750 0.067
Arch
2 0.042 0.675 0.001

The convection velocities (U, ,) around the middle of the mouth opening (x / h = 2.0)
were obtained from Eq. (3.8). Table 3.6 shows the convection velocities
nondimensionalized with the maximum jet velocity at the exit (U, ,, / Ug yax)- The values
of U, / Upmax varies from 0.4 to 0.64. These values are almost within the range of the
convection velocities measured in Refs. [20, 23]; the obtained U, ,, / Uj . Se€ms to be

reasonable.
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Table 3.6 Nondimensional convection velocity around x / A = 2.0, where values are

nondimensionalized with the maximum jet velocity at exit.

Up[m/s] | Recorder | Mode n | Convection velocity U, , / Uj nax
Straight 1 0.545
20
Arch 1 0.502
1 0.569
Straight
2 0.640
35
1 0.435
Arch
2 0.566

Table 3.7 shows the phase difference between the fluid dynamic displacement of the
jet at the edge (#7g;4.,(I, 1)) and the pressure oscillations in the resonator (p’,(¢)), which
corresponds to —(7 ,(I) + 1y, + tco.n) / T, based on Eq. (3.6). This phase difference
relates to the threshold for the acoustic power generation [2] and the anti-phase relation
is favorable [11], as described in Sec. 2.2.1.A. The phase difference varies from 0.33 to
0.52. This range is within the threshold for the acoustic power generation of 0.25-0.75 [2].
The results for the first and the second mode at U, = 35 m/s support the multi-mode
resonances in the two recorders, shown in Fig. 3.5. However, since the convection
velocity is almost the same in the recorders, this seems to affect little the difference in the

acoustic mode predominancy.
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Table 3.7 Phase difference of the fluid dynamic jet displacement at the edge from the

pressure oscillation in resonator.

U, Mode Phase difference
Recorder
[m/s] n _(tc,n(l) + tO,n + taco,n) / Tn
Straight 1 0.36
20
Arch 1 0.33
1 0.34
Straight
2 0.52
35
1 0.33
Arch
2 0.48

3.6.1.C. Acoustic Feedback Effect on Jet

The acoustic feedback effect on the jet was evaluated based on the nondimensional
amplitude of the fluid dynamic jet displacement (#y,;q,) to the acoustic particle
displacement (&,), |Aﬂuid,n/ (\/EV / a)n>
the nondimensional amplitude of #y,;4 ,- The jet receives the acoustic feedback mainly

around the exit [13, 72]. Since the value of ‘Aﬂuid’n / <\/§VRMS’,, / a)n)

. Figure 3.15 shows the spatial variation of

at the exit are

almost the same in the two recorders, the acoustic feedback effect in the two seems to be
almost the same; thus, this affect little the difference in the acoustic mode predominancy.
The acoustic feedback effect possibly depends on the velocity profile at the exit [20, 44].
In the two recorders, the acoustic feedback induces the initial amplitude of the fluid
dynamic displacement at almost the same magnitude probably because that the velocity

profiles at the exit are similar (see Fig. 3.8).
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Figure 3.15 Spatial variations of the nondimensional amplitude of the fluid dynamic jet

displacement to the acoustic particle displacement.
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3.6.1.D. Amplification of Jet

Figure 3.16 shows the nondimensional amplitude of the second to the first mode of jet
displacement at the edge (x /I =1.0), |;1amp’2| / |;1amp’1| , where this displacement
includes both the fluid dynamic and the acoustic jet displacement. The nondimensional
amplitude of the second mode is larger in the straight-shaped recorder than in the arch-
shaped recorder. This relative intensification of the second mode can relatively promote
the acoustic power generation of the second mode, which can contribute to the

predominance of the radiation of the second acoustic mode.
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Figure 3.16 Relative amplitude of the second to the first mode of the jet displacement

at the edge (x / I = 1.0).

Figure 3.17 shows the spatial variations of the fluid dynamic jet amplitude
nondimensionalized with the exit height, |e®*Agyq,/h| . At Uy=20 mJs,
|e“ﬂ"Aﬂuid’n / h| of the first mode are almost the same in both the recorders. When U,

increases to Uy = 35 m/s, |e“ﬂ"Aﬂuid’n / h| of the first mode decreases significantly in
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the straight-shaped recorder, while it remains almost the same magnitude in the arch-
shaped recorder. At Uy = 35 m/s, |e"* Agiq,, / h| of the second mode is larger in the
straight-shaped recorder than in the arch-shaped recorder. Thus, the relative
|e“ Agyyiq.n / h| of the second to the first mode at Uy = 35 m/s is larger in the straight-
shaped recorder. Since the fluid dynamic jet fluctuations are dominant to the acoustic jet
fluctuations near the edge, this difference in the relative |e“"xAﬂuid’,, / h| of the second

mode between the recorders seems to produce the difference in |1y 2| / |amp.1 |-
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Figure 3.17 Spatial variations of the fluid dynamic jet amplitude nondimensionalized

with the exit height.
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The fluid dynamic jet amplitude grows in the streamwise direction with the
amplification rate, a,. Figure 3.18 shows the relationship between the Strouhal number
Str, = f1h / Uy max and the amplification rate nondimensionalized with the exit height,
a,h. Theoretical analysis [58] and experiments [20] have shown that a,# draws a convex
curve. In Fig. 3.18, the nondimensional amplification rate changes from increase to
decrease with Str,. Assuming that a,h draws a convex curve, the curve for the straight-
shaped recorder seems to locate in a higher-frequency region than for the arch-shaped
recorder. This means that the peak of a,h for the straight-shaped recorder appears at a
lower jet velocity. Therefore, when U, increases 20 to 35 m/s, the amplification rate for
the first mode decreases more in the straight-shaped recorder, resulting in the increase of

the relative |e®* A4,/ h| of the second mode.
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Figure 3.18 Relation between the amplification rate nondimensionalized with the exit

height and Str,

The jet visualization for flute-like instrument models with different windway lengths

and chamfers [20] have shown that the amplification rate does not seem to depend on the
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channel length but chamfer shapes. Based on this, the difference in the amplification rate
in the current study is probably caused by the differences of the exit shape (straight- or
arch-shaped).

To investigate the cause of the difference in the amplification rate, Fig. 3.19 shows the
time-averaged velocity distribution in the spanwise direction at the exit (x // = 0) and
near the edge (x /[ = 0.8) under the condition of U, = 35 m/s, where the streamwise
velocity is nondimensionalized with the maximum velocity at the exit, U / Uy max- In the
straight-shaped recorder, near the edge, the lower side of the distribution is curved toward
the resonator. Since the upper side keeps a flat shape similar to the distribution at the exit,
the lower side curved due to the effect of the acoustic oscillations in the resonator. The
arch-shaped recorder keeps the arched curve on both sides of the distribution, even near
the edge. The instability seems to appear more in the jet in the straight-shaped recorder;
therefore, the fluctuations at higher modes become predominant at lower velocity in the
straight-shaped recorder than in the arch-shaped recorder. However, the reason why the
flat shape is more susceptible to the acoustic disturbances cannot be determined from the

current results.

x/1=0 x/1=0.8

(a) Straight
U/ UO,max
w1
oo
(b) Arch
y

Figure 3.19 Time-averaged velocity distribution in the spanwise direction at the exit
(x /I = 0) and near the edge (x / I = 0.8) under the condition of U, = 35 m/s, where

the streamwise velocity is nondimensionalized with the maximum velocity at the exit,
U / UO,max‘
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3.6.2. Additional Computation

From the results in Sec. 3.6.1, the difference in the jet offset and the amplification rate
possibly contribute to the difference in the acoustic mode predominancy between the two
recorders, where the phase relationship and the feedback effect were almost comparable
in the two recorders. The jet offset and the amplification rate mainly depend on the edge
height and the exit shape (straight- or arch-shaped), respectively. To verify which of them
affect more on the mode predominancy, an additional simulation for a recorder was
performed. The recorder for the simulation is called P-arch and has the arch-shaped
windway and edge as in the arch-shaped recorder, while its dimensions (i.e., the edge
height, the exit height and the exit-edge distance) are the same as those of the straight-
shaped recorder. The jet velocity was U, = 35 m/s.

The radiated sound from the P-arch is shown in Fig. 3.20. The SPLs of the first and
the second acoustic mode of the P-arch recorder are almost comparable to those of the
arch-shaped recorder. From this result, the differences of the exit shape (straight- or arch-
shaped) probably contribute more on the difference in the mode predominancy rather than

the dimensions including the edge height.
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Figure 3.20 Sound pressure spectra under the condition of Uy = 35 m/s (x = 0 mm,

¥y =90 mm, z =0 mm).
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3.7.  Conclusion

This chapter proposed an analytical method for quantifying jet fluctuations. This
method was applied to the two recorders that differ in the acoustic mode predominancy.
The flow and the acoustic fields in the two recorders were predicted by direct aeroacoustic
simulations. The first and the second mode of the jet fluctuations were represented by the
formula proposed by modifying Fletcher’s formula [9] based on the current computational
results. By these, the jet fluctuations were decomposed into the fluid dynamic and the
acoustic oscillations, and the values of the jet characteristics, viz., the phase condition
between the jet and the pressure, the amplitude of jet fluctuations at the edge, the jet offset,
and the acoustic feedback effect, were quantified to compare them between the two
recorders. From the results of quantifications and the additional computation, the
difference in the exit shape between the recorders seems to mainly contribute to the
difference in the acoustic mode predominancy. The quantification of jet fluctuations by
the proposed formula allowed to investigating the mechanism for sound changes. Since
the sounding mechanisms in flute-like instruments are similar, the computational method
and the formula may be applicable to other flute-like instruments. For the applications,
sufficient accuracy of data is required to capture the initial jet fluctuations at the exit and
the jet fluctuations at the mode to be analyzed. When the formula is applied to
experimental results, it may be required to estimate the jet fluctuations around the exit.
Also, the proposed formula represents the jet fluctuations, which is the result of receiving
acoustic feedback. Quantifying the interaction between the flow and the acoustic field
requires further investigations on the amount of work done by the flow and the acoustic

field, which is a future work.
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4. Effects of Blowing
Parameters on Harmonic

Structure and Jet Fluctuations in
the Flute

4.1. Introduction

This chapter shows the effects of the blowing parameters, the jet offset, the exit-edge
distance, and the flow rate, on the harmonic structure. Also, the mechanism whereby the
harmonic structure changes with the jet angle is discussed in terms of both the radiated
sound and the flow field. In the experiments, an actual blowing condition is measured for
a human player by the Schlieren method. With reference the measured condition, the
blowing parameters are varied independently using an artificial blowing device. The flow
field is measured with a hot-wire anemometer. These measurements are conducted on a
flute head joint. To confirm the generality of this study, the radiated sound is also

measured for a flute with a body and a foot joint.

4.2.  Chapter Layout

The definitions of the blowing parameters are shown in Sec. 4.3. The experimental
methods for measuring a blowing condition of a human player are shown in Sec. 4.4.1.
The experimental methods for measuring the radiated sounds and the flow fields are
shown in Sec. 4.4.2. Based on the results, the effects of the jet angle on harmonic structure
are compared with those of other blowing parameters in Sec. 4.5.1. The mechanism
whereby the harmonic structure changes with the jet angle is discussed in Sec. 4.5.2. The

radiated sound is also measured for a flute with a body and a foot joint in Sec. 4.5.3.
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4.3. Blowing Parameters

The geometrical relationship between the jet and the flute depends on the following
blowing parameters: the jet angle, 6;, the jet offset from the edge, y;., and the exit-edge
distance, / [38]. The definitions of the blowing parameters for the measurements are
shown in Fig. 4.1, based on the definitions in Sec. 1.4.1. The parameters are defined on
the center plane of the mouth opening in the longitudinal direction of the flute (z; = 0),
as shown by AA’ line in Fig. 4.1(a). The exit-edge distance is the distance from the cavity
exit center (0;) to the edge. The jet angle (6;) and the jet offset (y; .) are defined based on
the reference jet direction measured without a flute head joint in the preliminary
experiments described below. The jet angle (6;) is the angle between the horizontal line
of the mouth opening and the reference jet direction. The jet offset (y; ) is the value on
the axis normal to the reference jet direction, where the origin is at the edge and outside
the edge is positive (y;. > 0). The reference jet direction is the x;-axis, its vertical
direction is the y;-axis, and the longitudinal direction of the flute is the z;-axis. The origin
(0;) is the center of the cavity exit, where this origin is on the line connecting the ending
point of the cavity taper. The values on the axes are nondimensionalized with the throat
height of the cavity exit, h. The z;-direction centers of the mouth opening and the cavity

exit are on the same plane (z; = 0). The shape of the edge is thicker than that of recorders.
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Figure 4.1 Definition of blowing parameters.

The reference jet direction was measured without an instrument in preliminary

experiments by a pitot-tube (see Fig. 4.2). In this figure, the measurement direction of the
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pitot-tube is the y-axis, its vertical direction is the x-axis, and the origin is the cavity

pt
exit center (0;). The measurement line was x, / h = 1.0. 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 the lower lip, is parallel to the y,-axis. The jet velocities were measured by
tilting the artificial oral cavity to change the angle of the measurement line with respect
to the reference line of cavity exit 6; = 12° to 15°. Figure 4.3 shows the measured
velocity profile by the pitot-tube, Uy, where Uy, is the cross-sectional mean jet velocity
at cavity exit in Table 4.1. The profile for 6; = 14° is symmetrical with respect to

Ypi/ h = 0, which indicates that the reference jet direction is inclined at 6; = 14° to the

normal direction of the reference line of cavity exit.
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Figure 4.2 Measurement for reference jet direction.
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Figure 4.3 Velocity profile measured without instrument at x,, / h = 1.0.
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4.4. Experimental Methods
4.4.1. Measurements of Actual Blowing Condition

An actual blowing condition was measured for a human player. Since blowing
conditions can vary depending on several factors, one of the conditions that can occur
during playing was investigated to determine a reference condition.

The jet was visualized by the Schlieren method to estimate the jet angle (6;). Figure 4.4
illustrates the experimental setup. The Schlieren method allows visualization of the
density variation of the flow field, in which light and dark areas in an image are produced
by the variations in the refraction factor of light due to density variations [101]. 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.

7400
7360 |
4000 , ‘
beam splitter
4 \
300 ............................................................. { ,| ....................... —_ 4" g { nght source
AN
9 Subject 780/ =7/%=Pin hole
Concave mirror i

Unit : mm

Camera

Figure 4.4 Experimental setup for Schlieren method.

Figure 4.5 shows the photographed Schlieren image of a human player. The head joint
was fixed to a tool to ensure that the horizontal line of the mouth opening remained

parallel to the reference line of mouth opening. To measure the reference jet direction
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without the head joint, the player blew the fixed head joint at the dynamics of almost mf’
(mezzo forte), and then the head joint was slid into the horizontal direction of the mouth
opening and released from the player’s lips. During this time, the player kept the same
blowing state. Schlieren images were taken after the radiated sound was stopped. Since
there is a temperature difference between the air blown by a human and the ambient air,
there is a density gradient around the jet. Due to the gradient, the jet appears black on the
images, as shown in Fig. 4.5. The average jet angle for 6 images was 6¢; = 39°, with a

- o
variation, 0, .., of +£2°.

Reference line

Horizontal line
of mouth
opening

Flute

Figure 4.5 Jet visualization by Schlieren method.

The cavity exit height (h) and the exit-edge distance (/) were measured from
photographs shown in Fig. 4.6. In the measurement for the exit height (&), photographs
were taken from the front of the human player blowing the head joint (see Fig. 4.6 (a)).

The height was found to be 2 = 1.2 + 0.1 mm. In the measurement for /, photographs of
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the human player blowing the fixed head joint were taken from the side (see Fig. 4.6 (b)).
Since the edge tip at z; = 0 is hidden by the lip plate, the edge tip was determined on the
basis of the tip position of a 15-mm-heigh strip of masking tape placed at z; = 0. The
exit-edge distance was found to be / /h=5.6+042. The jet offset, which was

calculated geometrically from 6; and /, was y;./ h=0.24+£0.25.

Figure 4.6 Photographic measurement for cavity exit height (a) and exit-edge distance

(b).

The flow rate (Q) was adjusted so that the radiated sound of the artificial blowing
device satisfies the following conditions when the blowing parameters for the device are
set to the measured values (0j = 39°, Vie/ h=0.24,1 /h=5.6). almost the same
fundamental frequency with that of the sound blown by the human is reproduced, and
ASPL (= SPL,—SPL3) is the closest to ASPL of the sound blown by the human.

The actual blowing condition is summarized in Table 4.1. The radiated sound spectra

of the human and device are shown in Fig. 4.7, where the frequency resolution was 1.22
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Hz, and the blowing parameters for the device were set to the values in Table 4.1. The
fundamental frequency was well reproduced by the device. The values of ASPL were
18.7 and 3.9 dB for the human and the device, respectively. Within the range of the flow
rate that the device almost reproduced the fundamental frequency of the sound blown by
the human (16.0 - 20.0 L/min), the maximum ASPL of the device was 3.9 dBat QO = 16
L/min; therefore, the device's flow rate was adjusted to Q = 16 L/min. At this flow rate,
the cross-sectional mean jet velocity at the cavity exit (x; =0), Uy(= Q / Sp), is 21.5
m/s, where Sy(= 12.4 mm?) is the area of the cavity exit. Experiments were performed
with reference to the actual blowing condition in Table 4.1. These values and variations

of the parameters are within the ranges shown in Refs. [20, 38, 54].

Table 4.1 Actual blowing condition and experimental range

Actual blowing Experimental
Practical
Parameter condition of human range for
range
Value | Variation device
Jetangle 6; [°] 39 +2 35 - 90 35 - 65
Exit-edge distance / / h 5.6 +0.42 50 -9.17 | 50-6.25
Jet offset y;./ h 0.24 +0.25 -0.83 - 15 0-15
16.0 -
Flow rate Q [L/min] 16.0 +2 2.0 - 38.0
20.0
Cavity exit height A~ [mm] 1.2 +0.1 1.2
Cross-sectional mean jet velocity 21.5 -
21.5 +2.7 2.69 - 51.1
at cavity exit Uy(= Q / ) [m/s] 26.9

S, [m?]: Cavity exit area
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Figure 4.7 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 4.1 (0; =39%y;./h=024,1/h=56,0=16 L/min).

4.4.2. Measurements of Acoustic and Flow Field
4.4.2.A. Artificial Blowing

This study used the artificial blowing device [102] shown in Fig. 4.8. Using this device,
the blowing parameters were varied independently within the experimental range shown
in Table 4.1. A flute head joint and an artificial oral cavity are installed on the device. The
fundamental frequency of the head joint is around 880 Hz, and this head joint model is
the same as in Ref. [102]. The cavity was fabricated with a 3D printer from MRI images
around the oral cavity of a human player blowing a plastic head joint. Since the cavity is
made of plastic, shapes of the cavity, including A and S, are constant. In actual
performances by human players, the cavity shapes can change during playing; however,
in this study, the cavity shapes were fabricated to be constant to investigate the effects of
the blowing parameters independent from the cavity shapes. Between the cavity and the
head joint, there is a gap, whose size depends on blowing conditions (see Fig. 4.8 (b)). In

preliminary experiments, the radiated fundamental frequency obtained without covering
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the gap 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 on the
gap. Further, the seal made of aluminum tape and clay shown in Fig. 4.8 (b) was found to
be better to reproduce the fundamental frequency range and assure the reproducibility of
experiments than a seal made of silicon, clay, or tape. For these reasons, the seal made of
aluminum tape and clay was placed on the gap. In an actual performance by a human,
part of the lower lip interferes with (occludes) the mouth opening of the flute. Thus, the
opening area of the mouth depends on blowing conditions. This opening area can affect
the radiation impedance around the mouth and the fundamental frequency [48]. To avoid
these effects, the seal corresponding to the size of gap was positioned not to interfere with
the mouth opening. In three experiments, the reproducibility of sound was about +4 Hz
(0.5%) 1n terms of the fundamental frequency and about =1 dB in terms of the SPLs of

the fundamental frequency and the second and the third harmonic.

Artificial oral cavity

a»?’

Flute head joint “:, ~ i
it

(a) Front view

Seal to cover gap
™ Sea

Alminum tape
clay ]» Seal

¥

| 7

(b) Side view Small jet angle Large jet angle

(b) Side view

Figure 4.8 Experimental setup for artificial blowing.
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Figure 4.9 illustrates the experimental setup. The air supplied from the compressor
(PAOCK SOL-2039) was depressurized to the experimental pressure value with 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).

Artificial
oral cavity

Pressure sensor

" :
OSa\i==1

oo ]

Compressor

H HO)

Pressure sensor  Flow meter

Regulator

Figure 4.9 Schematic of artificial blowing.

4.4.2.B. Measurement Methods

The radiated sound was measured with a 1/2-inch omnidirectional microphone (RION
UC-53A) positioned at 100 mm from the resonator end and a precision sound level meter
(RION NL-31). The measurements for sound were performed three times for each
blowing condition.

The velocity around the mouth opening was measured with a hot-wire anemometer.
The probe was an I-type probe with a tungsten wire 5 um in diameter and 1 mm in length.
The wire was parallel to the spanwise (z;) direction of the cavity exit; thus, the measured
velocity was the absolute value of the synthetic vector of the streamwise (x;) and the
vertical (y;) direction velocities. The measurement lines were x; / h =1.0, 2.0, and 5.0.
The measurements with the hot-wire anemometer were performed under the conditions
of three jet angles: ¢; = 39°, which is the actual blowing condition, #; = 65°, which is

the upper limit of the practical range, and ¢; = 50°, which is an angle between them. The
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jet offset was fixed to zero, and the other blowing parameters were fixed to the actual
blowing condition.
Tables 4.2 to 4.4 shows the measurement conditions for the radiated sound and the

velocity. The results of Fourier transform were averaged 72 times.

Table 4.2 Measurement conditions for radiated sound

Condition Value
Sampling frequency [Hz] 40000
Sampling time [s] 30
Averaging number Nave 72
Frequency resolution for Fourier transform [Hz] 1.22

Table 4.3 Measurement conditions for velocity

Condition Value
Minimum resolution of sampling [mm] 0.07 (y; / h = 0.058)
Sampling frequency [Hz] 80000
Sampling time [s] 30
Averaging number Nave 72
Frequency resolution for Fourier transform [Hz] 1.22

Table 4.4 Blowing condition for measurements with hot-wire anemometer

Parameter Value
Jetangle 6; [°] 39, 50, 65
Exit-edge distance [ / h 5.6
Jet offset y; ./ h 0
Flow rate Q [L/min] 16.0
Cross-sectional mean jet velocity at cavity exit Uy(= Q / S;) [m/s] 21.5
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To obtain periodical fluctuations of jet, the velocity measured with the hot-wire
anemometer was phase averaged with reference to the pressure fluctuations of radiated
sound. In a preliminary operation, the pressure fluctuation in the resonator
nondimensionalized with the amplitude, p/(r) / p;’amp, was calculated from the pressure
fluctuation of radiated sound based on the distance from the sound measurement point to
the open end of the resonator (z; = L). The fundamental mode of pi(t) / pé’amp ,
p;,l(t) / p;,l’amp, was extracted by the procedure described in Ref. [34]. The instant t = 0
is when p; | (1) / p;’l,amp exhibits its minimum.

The obtained jet fluctuations were verified by comparing with results in preceding
studies. Figure 4.10 shows that the velocity profiles at x; /A =1 and 5. These profiles
are top-hat-shapes (shapes similar to rectangular functions). Although parabolic profiles
are observed in the computations for recorders [34] (see Fig. 3.8) under almost the same
U, thinner shear layers are formed in the current oral cavity because the flow channel is
shorter than the recorders. The line in each profile shows the displacement of jet, #, where
n 1s defined as the distance from y; . =0 to the center of the half-value positions of the
maximum velocity. The jet displacement (#) fluctuates outward and inward during each

period.
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Figure 4.10 Periodical variations of velocity profiles, where the line in each profile

shows the jet displacement (1). (6; = 39°, y;. =0, I /h=15.6, O =16 L/min)
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Figure 4.11 shows the periodical variations of jet displacement (#) at x; /h =1 and
5. The instant that # changes from increasing (decreasing) to decreasing (increasing) is
delayed as the jet travels downstream (x; increases) due to the convection of the jet
fluctuations. The first mode of # was extracted by the same procedure in Ref. [34]. The
convection velocity of the first mode of 7, U, ;, was estimated from the phase difference
of the first modes of #(f) between x; / h =1 and 5. The convection velocities were
Uc; =16.6 m/s (0.770), 16.5 m/s (0.77U), and 19.8 m/s (0.92U) for 6; = 39°, 50°,
and 65°. The convection velocity is generally nondimensionalized with the maximum
velocity at the exit, Ujax, [20, 23, 34, 63]. In the current experiments, Uj .y 18
unmeasurable because the cavity exit was too narrow to insert the probe; therefore, Uy .«
was estimated from the reduction ratio of the maximum jet velocity between x; / h = 1
and 2, (Ujpmax — Uzpmax) /1 - The nondimensionalized convection velocity,
Uc1/ Upmax, Were respectively estimated to be 0.34 for ¢; = 39° and 50°, 0.65 for
Hj = 65°. These values are almost within those in Refs. [20, 23, 34, 63].

t/Tl t/Tl

(@ xj/h=1 (b) x;/h=35
Figure 4.11 Periodical variations of jet displacement (1) at x; /h =1 and 5. (y;. =

0,1/h=56, Q=16 L/min)
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Figure 4.12 shows the oscillations of jet displacement at the first mode
nondimensionalized with the amplitude at the edge (x;/h=1/h), m(I,1) / 1} ymp-
These oscillations were estimated from the first modes of # at x;/h =5 by assuming
that U.; is constant between x;/h =1 and //h. This figure also shows the
nondimensional pressure oscillation at the first mode (p;’l(t) / p;’l,amp). The phase delays
of 71(1,1) / 1y gmp from p|,(t) /p;,l,amp were 245°, 230°,and 225° for 6; = 39°, 50°,
and 65°, respectively. The phase differences, 225° to 245°, are within the threshold for
the acoustic power generation at 90°-270° [51] (see Sec. 2.2.1.A). By using the seal not
to interfere with the mouth opening (see Fig. 4.8(b)), the acoustic power generation for

the fundamental tone seems to be largely unaffected by changing the jet angle.
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Figure 4.12 Estimated periodical variations of the first mode of # at the edge
(x;/ h =1/ h) and the pressure in the resonator (p)). (Vje=0,1/h=506, Q=16
L/min)
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The measurements for different channel length and shapes in Ref. [20] showed that
the convection velocity depends mostly on the shear layer formation in the channel and
increases when the jet gets sharper. To confirm the consistency between the changes of
the velocity profile and the convection velocity, Fig. 4.13 shows the time-averaged
velocity profile near the cavity exit (x;/ h = 1.0). The vertical axes show the relative
height from the time average of 1 (jet fluctuation center), 7. The widths of 50% height
of profile are 1.49h 1.37h and 1.26h for 6; = 39°, 50°, and 65°. The shear layer at
¢; = 65° is thinner than at ¢; = 39°, 50°. The velocity profile near the exit changes with
the jet angles possibly because the jet may be affected by the acoustic oscillations. With
increasing the jet angle, the channel becomes more vertical to the mouth opening (see Fig.
4.8(b)), which may change the effects of the acoustic oscillations on the jet near the exit.
Since the shear layer at ¢; = 65° is thinner than the other jet angles, U | / Ug pay. for
8; = 65° is the largest. The convection velocities are consistent with the velocity profile.
From these results, the periodical jet fluctuations obtained by phase averaging the

measured velocity are a reasonable representation.
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Figure 4.13 Time averaged velocity profiles at x; / h = 1, where the vertical axes show
relative height from the jet fluctuation center (7). ( Vie=0,1/h=56, Q=16
L/min)
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4.5. Results and Discussion
4.5.1. Effects of Blowing Conditions on Sound

This section shows the effects of blowing parameters, viz., the jet offset, the exit-edge
distance, the flow rate, and the jet angle, on the harmonic structure. The harmonic
structure is evaluated from ASPL (= SPL>—SPL3).

Figures 4.14 - 4.17 plots the variations of the SPLs of the fundamental frequency
(SPL/) and the second (SPL») and the third harmonic (SPL3) with the blowing parameters.
An error bar is shown for each measured value, which indicates the range of the measured
value in three times of measurements. The second vertical axis shows ASPL. The line and
the arrow in each figure indicate the actual blowing condition and the practical range in
Table 4.1, respectively. All parameters other than the one being varied were fixed to the
actual blowing condition. This study defined the practical range as that satisfying the
following conditions in our experiments within the possible ranges shown in Refs. [20,
38, 54]: the SPL of the first acoustic mode is the largest, and the fundamental frequency
is within £10 cent of that radiated at the actual blowing condition. Compared to Refs. [20,
38, 54], the practical ranges for the parameters are limited. For example, human players
can blow the flute with a lower jet velocity than the practical range in this study. This
limitation is because the practical ranges were defined based on the current experiments
under the condition that only a single parameter was varied independently, while Refs.
[20, 38, 54] show the ranges for actual human playing.

Figure 4.14 shows the variation of harmonic structure with the jet offset (Vj.e)- The
variation of SPL; is almost symmetrical with respect to y;. = 0. This variation is
consistent with the calculation [87] (see Sec. 2.3), which assumes a straight jet flow.
Unlike SPL», the variation SPL3 is not symmetrical with respect to y; . =0.In y;. >0
(the reference jet direction is directed to outside the edge), SPLs decreases as y;.
increases, while SPL3 remains almost constant in y; . < 0. The condition under which
SPL3 remains almost constant is to be investigated in Sec. 4.5.2. Within the practical range

0 <yj./h<15), ASPL increases from about —1 to 28 dB as the jet offset increases.
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Figure 4.14 Variations of harmonic structure with the jet offset. Line and arrow show
the actual blowing condition and the practical range, respectively. All parameters other
than the one being varied were fixed to the actual blowing condition shown in Table
4.1 (9j =39°1/h=15.6,0 =16 L/min). Error bar is shown for each measured value.

Yie > 0 means that the reference jet direction is directed to outside the edge.

Figure 4.15 shows the variation of harmonic structure with the exit-edge distance (/).
In 54<1/h<7.1, SPLi, SPL,, and SPL; decrease with increasing the exit-edge
distance. Around [/ / h =7.2, which is outside the practical range, the fundamental
frequency shifts from the first to the second acoustic mode. The exit-edge distance relates
to the phase condition between the jet fluctuations at the edge and the pressure
fluctuations in the resonator, p.(f). The phase delay of the jet fluctuations at the edge
from p,(¢r) is approximated to be w! / U.. The range of the nondimensional convection
time for the acoustic power generation at the fundamental frequency is 0.25 <1, / T} <
0.75, where tc,l(: Ly Uc,l) and T, are the convection time and the period of the

fundamental frequency (see Sec. 2.2.1.A). As I/h increases from 5.4 to 7.2, 1., /T
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is estimated to increase almost 0.1, where the convection velocity is assumed to be
U, = 0.77U based on the estimation in Sec. 4.5.2. With this increase of / / h, SPL,
decreases probably because ./ T deviates from the optimum condition (¢, / T} = 0.5).
When 1., /T, is the upper limit of the range (7., / T} = 0.75), the nondimensional
convection time for the second mode of the jet oscillation (¢., —7T,) / T, is 0.5. There
is a possibility that the nondimensional convection time 7., /T probably becomes
almost 0.75 at [ / h =7.2, and then the fundamental frequency shifted to the second

acoustic mode, which is more appropriate phase condition than the first acoustic mode.
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Figure 4.15 Variations of harmonic structure with the exit-edge distance. Line and
arrow show the actual blowing condition and the practical range, respectively. All
parameters other than the one being varied were fixed to the actual blowing condition
shown in Table 4.1 (0j = 39°, i/ h =0.24,0 = 16 L/min). Error bar is shown for

each measured value.

Figure 4.16 shows the variation with the flow rate. SPL; and SPL;3 increase with

increasing the flow rate in the practical range, while SPL, takes its minimum at 19 L/min.
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Except for this local variation around Q = 19 L/min, SPL; also increases around the
practical range. As the flow rate increases, the volume flow brought into the resonator
increases to increase the SPLs. However, the local decrease of SPL, around Q = 19
L/min cannot be explained by the volume flow, because the volume flow increases
continuously with Q. The nondimensional convection time of the second mode of the jet
oscillations (7., /T,) was estimated from Uy(=Q / S), assuming U., = 0.77U,.
From this estimation, #., /T, decreases 0.06 as the flow rate increases from Q = 18
to 20 L/min. The nondimensional convection time 7., / T, changes little in this range
of O and may not to be the cause of the local decrease of SPL,. With increasing the jet
velocity, the fluctuation center of the jet inclines [68]. As discussed later, the actual jet
offset in the flow field is not always the coincidence with the jet offset defined without
the head joint. Assuming that the actual jet offset changes with Q and becomes almost
zero around O = 19 L/min, SPL, and ASPL can exhibit their minimum around Q = 19
L/min. Except for the local decrease around Q = 19 L/min, ASPL remains almost

constant in the practical range.
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Figure 4.16 Variations of harmonic structure with the flow rate. Line and arrow show
the actual blowing condition and the practical range, respectively. All parameters other
than the one being varied were fixed to the actual blowing condition shown in Table

4.1 (6; =39°,y;/ h=0.24,1 / h = 5.6). Error bar is shown for each measured value.

Figure 4.17 shows the variation of harmonic structure with the jet angle. SPL; varies
little with the jet angle; thus, the phase relation for the acoustic power generation seems
to be largely unaffected. SPL decreases with increasing the jet angle in 6; < 45°, while
SPL; increases in 6; > 45°. SPL, changes about 10 dB with the jet angle, while SPL3
changes about 3 dB. Since ASPL changes mainly due to the change of SPL under this

condition, ASPL exhibits its minimum at Hj = 45°,
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Figure 4.17 Variations of harmonic structure with the jet angle. Line and arrow show
the actual blowing condition and the practical range, respectively. All parameters other
than the one being varied were fixed to the actual blowing condition shown in Table
4.1 (yj /h=024,1/h=5.6,0 =16 L/min). Error bar is shown for each measured

value.

Table 4.5 lists the variation of ASPL with the parameters in their practical ranges. The
jet offset has the greatest effect on the harmonic structure; however, the effects of the jet
angle is almost the same as that of the flow rate and larger than that of the exit-edge
distance. The effect of the jet angle on timbre seems to be an important consideration for

flute players.
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Table 4.5 Variation of ASPL with parameters in practical range

Variation range of ASPL in practical range [dB]
Parameter
Min. Max. Diff.
Jet angle 6; 2.2 6.1 8.3
Exit-edge distance [ / h 2.6 6.7 4.0
Jet offset y;./ h —0.8 28.3 29.1
Flow rate Q -5.5 3.9 9.4

In Fig. 4.17, the blowing parameters other than the jet angle were fixed to the actual
blowing condition measured for one player. To confirm generality of the effects of the jet
angle on harmonic structure, Fig. 4.18 shows the variations of the harmonic structure with
the jet angle measured by fixing the jet offset to several values in the practical range:

Vie/ h =0.0,0.17,0.24,1.0. The jet angle that ASPL exhibits its minimum is 6

j.min

39° for y;./h=0.0 and 0.17, 6

j.min

=45° for y;./ h=024. As y;./ h increases
(decreases), the curve of ASPL seems to shift toward a larger (smaller) jet angle, and
0 min Increases (decreases). For y; ./ h = 1.0, ASPL decreases with increasing the jet
angle. Assuming that the curve shifts toward a larger jet angle with increasing y; . / h, at

Vie/ h =10, 0; i, possibly exceeds the experimental range; therefore, 6; does not

j.min
exist at y; ./ h = 1.0. The differences of the maximum and the minimum ASPL in the
practical range are about 12, 8, and 17 dB for YVie/ h=10.0,0.17, and 1.0, respectively.
ASPL varies with the jet angle in the range of not exceeding the variation of ASPL with

the jet offset (about 30 dB).
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Figure 4.18 Variations of harmonic structure with jet angle, where the exit-edge
distance and the flow rate were fixed to the actual blowing condition shown in Table
4.1(l /h=15.6, Q=16 L/min). Arrow shows the practical range. Error bar is shown

for each measured value.
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4.5.2. Mechanism Whereby Jet Angle Affects Harmonic
Structure

The blowing parameters are defined based on the reference jet direction measured
without the flute head joint. However, the jet direction can be changed in the presence of
the acoustic field as observed in the flow visualizations for flute-like instruments [24, 68,
25, 26]. Due to the change in the direction, the actual jet offset can be different from the
jet offset y; .. This section estimates the change in the actual jet offset with the jet angle
to show the mechanism whereby the jet angle affects the harmonic structure.

Figure 4.19 plots the variation of the SPLs of the harmonics with the jet offset. For
8; = 39°,50°, and 65°, the jet offsets minimizing ASPL, y; . i, / b, were about 0.0, 0.5,
and 0.7, respectively. As the jet angle increases, y;. min / h becomes large, implying

that the curves of SPL, and SPL3 shift toward the positive direction of y; . / h.
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Figure 4.19 Variations of harmonic structure with jet offset, where the exit-edge
distance and the flow rate were fixed to the actual blowing condition shown in Table

41 (/s h=5.6, Q =16 L/min). Error bar is shown for each measured value.
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Figure 4.20 shows the spatial distribution of the jet fluctuation center (#) in the flow
field for Hj = 39°, 50°, and 65°, where the horizontal axis is shown from the cavity exit
(x; = 0) to the edge (x; = [ = 5.6h). In these measurements, the jet offset was set to zero
(¥je/ h =0), i.e., the reference jet direction without the head joint was directed to the
edge. The jet fluctuation center inclines outward (7 > 0) or inward (7 < 0) almost linearly
toward downstream. The jet fluctuation center at the exit is estimated to be about #(0) =
—0.3 for all the jet angles by linear approximation between x; /A =0 to 2.0. During
the jet traveling toward the edge, the jet fluctuation center inclines outward at 6; = 39°,
while it inclines inward at 6; = 50° and 65°. Assuming that the jet travels with the same
inclination of #, the actual jet offsets to the edge, Ya.e» fOr Hj = 39°, 50°, and 65° were
respectively estimated to be y, ./ h =0.08,—-0.42, and —0.64 by linear approximation
between x;/h=2.0 and [/ h. As the jet angle increases, the jet fluctuation center
inclines inward, resulting in the decrease in the actual jet offset. The absolute values of
the actual jet offset, |y, ./ h|, almost corresponded to yj . min / 2 of 0.0, 0.5, and 0.7
in Fig. 4.19. As the jet angle increases, the jet offset minimizing the ASPL (yj ¢ min / 1)
shifts outward (yj ¢ min > 0) by the same amount that the actual jet offset in the flow field
shifts inward (y, . < 0) probably due to the decrease in the actual jet offset. This means
that, to produce a harmonic structure similar to that radiated at a small jet angle, the jet
offset must be increased to cancel out the decrease of the actual jet offset.

The changes of the harmonic structure with the jet angle in Fig. 4.18 also seems to be
caused by the decrease in the actual jet offset. Figure 4.18 shows that, when the jet offset
increases from y; ./ h =0.17 to 0.24, the curve of ASPL shifts toward a larger jet angle
by about A6,

j.min

= 6°. Under the condition of Fig. 4.18, the actual jet offset is estimated

to decrease by about 0.07 when the jet angle increases by 6°.
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Figure 4.20 Spatial distributions of jet fluctuation center (1) and the reference jet
direction in the x;~y; coordinate system. (y;. =0, / /h=5.6, Q = 16 L/min)

To investigate the cause of the inward inclination of #, Fig. 4.21 shows the periodical
variations of the relative jet displacement near the edge (x; / A = 5). This displacement
is the relative displacement from the jet fluctuation center and nondimensionalized with
the amplitude, & = (11 - ﬁ) / Mamp- This representation is to compare the speed of the
change of the jet direction, independent of the jet amplitude. Table 4.6 shows the absolute
value of the acceleration of &, |d%¢& / dr?|, at the moment when & becomes the
maximum and the minimum. This acceleration is obtained by approximating & by a
quadratic function in the range that ¢ changes +1h from its maximum or minimum.
The acceleration almost decreases as the jet angle increases. The difference in the

acceleration between the jet angles is larger when & becomes its minimum than when &
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becomes its maximum. As can be seen from the curve shapes of &, the change of the jet
direction from inward to outward becomes slower as the jet angle increases. Therefore,
as shown in Fig. 4.11(b), the time period that the jet displacement is lower than the edge
height (n < 0) becomes longer as the jet angle increases. As a result, the jet fluctuation
center becomes more inward as the jet angle increases. The cause of the deceleration is
to be discussed in Sec. 5.5.2 in terms of the geometrical relationship between the jet and

the edge.

Figure 4.21 Periodical variations of the relative jet displacement from the jet fluctuation
center nondimensionalized with the amplitude, & = (n — ﬁ) / Hamp-> at Xj/ h=>5.

(e=0,1/h=56, Q=16 L/min)

Table 4.6 Absolute value of the acceleration of the jet fluctuation, |d%¢& / dr?|, at the

moment when £ becomes the maximum ant the minimum

Jetangle 0; [°] At maximum & At minimum &
39 24 138
50 15 54
65 15 42
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The other factor that could relate to the SPLs of the harmonics is the amplitude of each
mode of jet oscillations. As the jet amplitude of a certain mode near the edge increases,
the volume flow entering the resonator at this mode increases; thus, the SPL of this
acoustic mode increases. Figure 4.22 shows the relation between the relative jet amplitude
of the second to the third mode, [#,mp 2| / |Mamp 3|, near the edge (x; / h = 5) and ASPL.
The relative jet amplitude shows little correlation with ASPL. Therefore, the variation of
ASPL with the jet angle is mainly caused by the decrease in the actual jet offset due to the

inclination of the jet fluctuation center.

14

A ®0,=39°
| 06, =50°
10T 4 0,=65

ASPL [dB]
N
a

-2

|namp,2 |/|namp,3 |

Figure 4.22 Relation between relative jet amplitude of second to third mode at
x; / h =5 and differential SPL of second to third harmonic. (yj,e =0,1/h=5.06,
O =16 L/min)

The changes of ASPL with the jet angle is mainly due to the change of SPL; rather
than SPL3, as shown in Sec. 4.5.1. The condition under which SPL3 hardly changes is
also investigated. Figure 4.14 shows that SPL3 remains almost constant for y; ./ h <O0.

In Fig. 4.14, the jet angle was fixed to 6; = 39°. At this jet angle, the actual jet offset
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seems almost coincidence with the jet offset, where y,./ h =0.08 under y;, =0 (see
Fig. 4.20). SPL3 seems to remain almost constant for y, . / A < 0. This tendency of SPL3
with the actual jet offset is also observed in Figs. 4.17 and 4.18. These figures show that,
under the condition of y; ./ h =0.24, the jet angle that ASPL exhibits its minimum is

0.

i min = 45° and SPL; remains almost constant in 6; > 45°. From the discussions so far,

the actual jet offset is expected to be zero around 6; = 45°, and the actual jet offset can
be y,/ h <0 in ;> 45° due to the inward inclination of the jet fluctuation center.
Therefore, SPL; remains almost constant in §; > 45°. These results confirm the tendency
where SPL3 remain almost constant for y, ./ h < 0; however, it is not clear from this
study whether only SPL3 of the radiated sound is constant or SPL3 of the internal sound

source is also constant. Further investigations are required to clarify this mechanism.

4.5.3. Results of Measurements for a Flute Whole Body

The variations of harmonic structure with the jet angle were also measured for a flute
with a body and a foot joint. The measurements were performed with the fingering of A4
(see Fig. 4.23). The exit-edge distance was fixed to the value shown in Table 4.1 (I / h =
5.6), which is within the possible ranges for A4 shown in Refs. [20, 38, 54]. The flow rate
was fixed to Q =10 L/min (U, = 13.4 m/s), where the fundamental frequency of
radiated sounds was almost 440 Hz. Figure 4.24 shows the variations of the SPLs
measured by fixing the jet offsets to the values in Fig. 4.18 (y;. / h = 0.0,0.17,0.24, 1.0).

The jet angles that ASPL exhibits its minimum are respectively 6; ... = 37° and 43° for

j.min
Yie/ h=0.17 and 0.24, which are almost the same as in Fig. 4.18 measured for the head
joint. In both the measurements for the A4 fingering and the head joint, the curve of ASPL

shifts toward a larger jet angle by about A6,

j.min

= 6° for the increase of the jet offset by
Ayj ./ h = 0.07. From this result, for both the A4 fingering and the head joint, the actual
jet offset probably changes by Ay, ./ h = —0.07 when the jet angle changes by A, =
6°.

The variations of harmonic structure with the jet angle were also investigated for the
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fingerings of A4, A5 (880 Hz), and A6 (1760 Hz), as shown in Fig. 4.25. The exit-edge
distance and the jet offset were fixed to the values shown in Table 4.1 (I / h =5.6,
Vie/ h=0.24), which are almost within the possible ranges for A4, A5, and A6 shown
in Refs. [20, 38, 54]. The flow rate was fixed to Q = 16 L/min (U, = 21.5 m/s) for A5
and Q =32 L/min (Uy=43.0 m/s) for A6. The radiated sounds were investigated
within the range that the fundamental frequency is +10 cent of A4, AS, or A6. The jet
angle that ASPL exhibits its minimum is around 9j = 39° forall of A4, A5, and A6. There
is no noticeable shift in the ASPL curve with the tone range. From these results, the
variations of harmonic structure with the jet angle measured for the head joint can also

occur over the flute’s three ranges.

@® Close
O Open

Body Foot joint

Figure4.23 Fingerings of A4, A5, and A6.
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Figure 4.24 Variations of harmonic structure with jet angle measured for flute with A4
fingering. The exit-edge distance was fixed to the value shown in Table 4.1 (I / h =

5.6). Flow rate was fixed to Q = 10 L/min (U, = 13.4 m/s).
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Figure 4.25 Variations of harmonic structure with jet angle measured for flute with A4,
AS, and A6 fingering. The exit-edge distance and the jet offset were fixed to the values
shown in Table 4.1 (I / h=5.6, y;./ h=0.24). The flow rate was fixed to Q =
10 L/min (Uy = 13.4 m/s) for A4, Q = 16 L/min (U, = 21.5 m/s) for AS, and Q =
32 L/min (U = 43.0 m/s) for A6.
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4.6. Conclusion

This chapter showed the effects of the blowing parameters on the harmonic structure.
The radiated sound showed that, within the practical ranges of the parameters, the
harmonic structure varies markedly with the jet offset (ASPL = 30 dB). Compared to the
jet offset, the change of the harmonic structure with the jet angle was less (ASPL ~
10 dB); however, this change was almost equal with the change with the flow rate and
comparably larger than that with the distance (ASPL ~ 5 dB). The effect of the jet angle
on timbre seems to be an important consideration for flute players.

The mechanism whereby the harmonic structure changes with the jet angle was
investigated based on both the measured acoustic and flow field. Periodical jet
fluctuations in the flow field were determined by phase-averaging the measured values
obtained with a hot-wire anemometer. The spatial distribution of the jet fluctuation centers
(time-averaged jet displacements) showed that, with increasing the jet angle, the jet
fluctuation center inclines inward. This inclination seems to be caused by the deceleration
of the jet fluctuation when the jet changes its direction from inward to outward. As the jet
angle increases, this fluctuation was found to decelerate more. Due to this deceleration,
the time period that the jet displacement is lower than the edge height becomes longer; as
a result, the jet fluctuation center becomes inward, and the actual jet offset decreases. The
radiated sound showed that, when increasing the jet angle, the curve of ASPL with the jet
offset shifted toward a larger jet offset. This shift was almost the same amount as the
decrease of the actual jet offset in the flow field. This indicates that, to produce a harmonic
structure similar to that radiated at a small jet angle, the jet offset needs to be increased
(the jet needs to be directed to the outside the edge) to cancel out the decrease of the actual
jet offset. The amplitude of each mode of jet oscillation showed little correlation to the
variation of the harmonic structure with the jet angle. The variations of the harmonic
structure with the jet angle is mainly caused by the change of the actual jet offset due to
the inclination of the jet fluctuation center.

In actual performances, when a player changes the air-stream direction, other
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conditions, like lip shapes and the jet offset, are possibly changed [38]. For experimental
results to be applicable to actual performances, it is necessary to investigate whether
harmonic structure can be controlled more effectively by adjusting the jet angle or other

conditions.
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5. Effects of Geometrical
Relation Between Jet Direction
and Edge on Jet Fluctuations and
Sound

S5.1.  Introduction

The effects of the geometrical relationship between the jet direction and the edge on
the jet fluctuations and the sound were investigated. This relationship changes depending
on the jet offset and the jet angle. Figure 5.1 illustrates the jet direction when the jet offset
and the jet angle are changed, assuming that the jet fluctuates inward and outward at the
same angle around the jet fluctuation center. The angle between the instantaneous jet
direction and the wall of edge does not change with the jet offset but changes with the jet
angle. The distance from the jet exit and the position where the jet impinges on the wall
changes with both the jet offset and the jet angle. Due to these changes, the effects of wall
on the jet fluctuations can change. To visualize and compare the jet fluctuations, this study
performs direct aeroacoustic simulations on the flute under the conditions of two jet
offsets (the relative height of the jet to the edge). Then, the discussion on the changes of
jet fluctuations with the jet offset is applied to the discussion on the changes with the jet

angle observed in Chap. 4.
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Reference position Increased jet offset Increased jet angle

—> Jet fluctuation center —> Instantaneous jet direction Jet fluctuation area
when jet deflects inward

Figure 5.1 Schematic of instantaneous jet direction when the jet offset and the jet angle
are changed, assuming that the jet fluctuates inward and outward at the same angle in

the jet fluctuation area around the jet fluctuation center.

5.2.  Chapter Layout

The blowing conditions and the computational methods are shown in Sec. 5.3. The
computational results are validated with experimental results in this section. The changes
of the radiated sound and the jet fluctuations with the jet offset and their relevancy are
shown in Sec. 5.4. The cause of the changes of the jet fluctuations is discussed from the
instantaneous jet direction in Sec. 5.5. This discussion is also applied for the discussion
on the cause of the inward inclination of the jet fluctuation center with the jet angle

observed in Chap. 4.

5.3. Blowing Conditions and Computational
Methodologies
5.3.1. Blowing Conditions
The computations were performed under the conditions of the jet offset (relative height
of the jet from the edge) y;./ h =0 and 0.37. The definitions of blowing condition
were the same as in Chap. 4. The other blowing parameters than the jet offset were fixed

to the values of the actual blowing condition in Table 4.1 (see Table 5.1).
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Table 5.1 Blowing condition for computation

Blowing condition Value
Jetangle 6; [°] 39
Exit-edge distance [ / h 5.6
Jet offset y;./ h 0, 0.37
Flow rate Q [L/min] 16.0
Cross-sectional mean jet velocity at cavity exit U, [m/s] 21.5

5.3.2. Computational Methodologies

The governing equations, the computational scheme, and boundary conditions were the
same with those in Chap. 3. The shapes of the flute head joint and around the cavity exit
were reproduced from the actual ones used in the experiments in Chap. 4. The angle
between the inner and the outer wall of the edge is about 40°. Figure 5.2(a) shows the
whole view of the computational domain. The minimum grid spacing is 0.05 mm around
the cavity exit center, and the number of grid points is about 1.5 x 108. Figure 5.2(b)
shows the cross section of the cavity exit center (z; = z; = 0). The shape of the cavity
was modified by cutting at about 30 mm from the exit to reduce computational resources.
A duct was connected on the cut surface, and velocity was given uniformly. In the
computation, the relative position of the oral cavity from the flute was adjusted so that
both the blowout center and the direction of the jet are almost correspond to those in the
experiments under the reference condition in Table 5.2. The relative position of the oral
cavity from the flute is shown in Table 5.3. This table is shown in the x;~y; coordinate
system (see Fig. 5.2 (b)) whose origin is the edge and x;-direction is the direction from
the edge to outside the flute along the horizontal line of mouth opening. At this blowing
condition, the angle between the reference jet direction and the inner wall of the flute
(6;,) 1s 140°, and the angle between the reference jet direction and the outer wall (6

ow)

is 181°. This position of the oral cavity and the flute is defined as the equivalent position
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to Table 5.2 in the computation. With reference to this position, the jet offset was varied.
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Figure 5.2 Geometry of computational model.

106



Table 5.2 Reference blowing condition for experiment

Blowing condition Value
Jetangle 6; [°] 39
Lip to edge distance [ / h 5.6
Jet offset y;./ h 0
Flow rate Q [L/min] 16.0
Cross-sectional mean jet velocity at cavity exit U, [m/s] 21.5

Table 5.3 Geometrical condition equivalent to Table 5.2

Geometrical condition Comp. case 1 Exp.
Cavity exit center (z; = 0) X¢ —5.57 -5.25
Ve 3.94 4.25

Angle between normal direction of reference line of
cavity exit and horizontal line of mouth opening 46 53

(6, +6) []

5.3.3. Validation of Computational Methods
5.3.3.A. Comparison with Experimental Results

The radiated sound and the flow field predicted by the computation were validated with
those measured by the experiments in Chap. 4 under the condition in Table 5.2.

Figure 5.3 shows the sound pressure spectra of the radiated sound. The predicted
frequency and SPL of the fundamental tone by the computation are almost the same as
those in the experiments. The acoustic radiation of the fundamental tone is nearly
reproduced by the computation. The peaks of the second and the third harmonic appear
at the frequencies twice and three times the fundamental frequency. The differential sound
pressure level of the second to the third harmonic (ASPL) was 4.0 and 1.6 dB in the

computation and the experiments, respectively. The harmonic structure of the radiated
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sound, in which the second harmonic is more predominant than the third harmonic, is

nearly reproduced by the computation.

110 .
F 0
100 F °
90 |
. O
I~ 0
g 80 f ° .
= 70 -
»n "
60
r | ® Comp
50 F o kg
40 Lo 00 00 00 Las 3 03330y Las s 03333y
0 1000 2000 3000
Frefuency[Hz]

Figure 5.3 Sound pressure spectra of radiated sound. (6;=39°%y;.=0,//h=
5.6,0 = 16 L/min)

Figure 5.4 shows the periodical variations of velocity profiles in the flow field at
xj/h=1 and 5. The velocity profiles at x;/h =1 are top-hat-shapes both in the
computation and the experiments. The lines in the figure show the jet displacement (7),
where # is defined as the distance from Yie =0 to the center of the half-value positions
of the maximum velocity, same as in Chap. 4. In the experiments, # at x;/h =35 are
determined because the profiles are smooth due to the phase average (see Sec.4.4.2.B).
In the computation, # at x;/h =35 is not determined for all of profiles because the
velocity profile is divided into multiple peaks as observed in ¢t / T} = 3 / 4. Therefore,

n of computational results are shown from x; / h =0 to 4.
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Figure 5.4 Periodical variations of velocity profiles. (6, =39%y;.=0,1/h=

5.6,0 = 16 L/min)

To investigate the actual jet offset, the spatial distributions of the jet fluctuation center
ﬁ(xj), which is the time average of n(xj, t), are obtained (see Fig. 5.5). The jet fluctuation
center inclines outward in both the computation and the experiments. The time-averaged

jet direction seems to be almost reproduced by the computation. By linearly
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approximating #, the values of actual jet offset (the relative height of the temporal mean
position of jet fluctuation to the edge) were estimated to be y, ./ h = —0.1 and 0.1 for
the computation and the experiments, respectively. Since |y, .| are almost the same in
the computation and the experiments, the harmonic structures of the radiated sound are
almost the same in the two. This denotes that the flow field predicted by the computation

is consistent with the harmonic structure.

xJ/l

0.2

 Edge
Wje/h =0)

7/h

Jet fluctuation center e o

-0.6 [ [ Linear approximation | — | —

Ref. jet direction ---

Figure 5.5 Spatial distributions of jet fluctuation center (1), where lines show linear

approximation of . (6, = 39°,y;. =0,/ /h=5.6,0 = 16 L/min)

5.3.3.B. Effects of Modification of Cavity Shape

The effects of the modification of cavity shape were verified in preliminary
computations. Without the modification, the air flow passes through the bent of the throat
(see Fig. 5.6); thus, the velocity on the upper jaw side is probably larger than the lower
side. The preliminary computations were performed under the conditions that the velocity

in the duct was given uniformly and non-uniformly. In the non-uniform condition, the
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velocity for the upper and the lower side of the duct was given 14:9 and the area of the
upper and the lower side of a duct surface was 1:4. The blowing condition for the

preliminary computations is shown in Table 5.4.

]

Figure 5.6 Artificial oral cavity without modification.

Table 5.4 Blowing condition for preliminary computation

Blowing condition Value
Jetangle 6; [°] 46
Lip to edge distance [ / h 5.7
Jet offset y;./ h —1.1
Flow rate Q [L/min] 16.0
Cross-sectional mean jet velocity at cavity exit U, [m/s] 21.5

Figure 5.7 shows the sound pressure spectra of the radiated sound. The frequencies and
the SPLs of the fundamental tone, the second, and the third hormonic are almost the same
under the uniform and the non-uniform condition. Figure 5.8 shows the spatial
distributions of the jet fluctuation center (ﬁ(xj)). The jet fluctuation center inclines inward
by almost the same inclination under the both conditions. From these results, the
modification of cavity shape seems to affect little with the radiated sound and the time-

averaged jet direction.
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Figure 5.7 Sound pressure spectra of radiated sound under the conditions that the
velocity in the duct was given uniformly and non-uniformly. (6; = 46°,y;./ h =

~1.1,1 /h=5.7,0 = 16 L/min)
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Figure 5.8 Spatial distributions of jet fluctuation center (1) under the conditions that
the velocity in the duct was given uniformly and non-uniformly. (6; = 46°,y,./ h =
-1.1,1 /h=57,0 =16 L/min)
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5.4. Results: Changes of Acoustic and Flow Field
with Jet Offset

Figure 5.9 shows the sound pressure levels of the radiated sound under the jet offset
Yie/ h =0 and 0.37. The fundamental frequency is about 840 Hz both in the two jet
offsets. The SPLs of the fundamental frequency (SPL1) and the second (SPL») and the
third harmonic (SPLs) are larger in y; ./ h =0 than those in y;./ h = 0.37. The ASPL
(= SPL»—SPL3) is 5.4 and —0.4 dB for y;./h=0 and 0.37, respectively. The

second harmonic is more predominant in y;./h =0 thanin y;./h = 0.37.
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Figure 5.9 Sound pressure levels of radiated sound. (6, =39°,//h=5.6,0 =16
L/min).

Figure 5.10(a) shows the spatial distributions of jet fluctuation center (#) in the Xi-j
coordinate system. In the upstream (x; / / < 0.5), 1 inclines outward at almost the same
inclination in both Vie/h=0 and 0.37. In the downstream (xj/1>0.5), the

inclination of # is almost the same as the inclination in the upstream in Vie/ h=0,

113



while the inclination of # changes inward in YVie/ h =0.37. The actual jet offset (the
relative height of # from the edge), Yaer for yj o/ h=0 and 0.37 were respectively
estimated to be y, ./ h =—0.07 and 0.06 from the linear approximation of # between
x;/ h=3 (xj /1 =0.53) and x; / h=4 (xj /1= 0.71), where the jet fluctuation center
is assumed to incline with the same inclination in the downstream. The absolute values
of actual jet offset for the two jet offsets are almost zero. Figure 5.10(b) shows the spatial
distributions of # inthe x;-y; coordinate system, where the x;- and the y;- axes are at
the same scale to show the inclinations of the jet and the edge. The directions of # of the
two jet offsets get closer as they approach the edge. The conditions of y;./h =0 and
0.37 are the conditions that the absolute values of actual jet offset are almost the same
but the direction of jet to the edge is different. This indicates that the difference in the

harmonic structure between the two jet offsets is not explained only by the actual jet offset.
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Figure 5.10 Spatial distributions of jet fluctuation center (#) and the reference jet

directionin the xj-y; coordinate system (a) and the x¢-y; coordinate system (b). (6; =

39°,1 /h=5.6,0 =16 L/min).
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The cause of the difference in the harmonic structure is investigated from the temporal
jet fluctuations. Figure 5.11 shows the vorticity and the pressure during one cycle under
Yie/ h =0 and 0.37. Under both the two jet offsets, the jet deflects outward the edge
when the pressure becomes low (¢ /T = 0), while the jet deflects inward when the
pressure becomes high (t / T = 2 / 4). This phase relationship between the jet and the
pressure fluctuations is favorable for acoustic power generation in the volume-flow model
[2, 8, 15, 60, 69, 71, 73]. Comparing the jet fluctuations between the jet offsets, the jet
periodically leaves from the edge in y;./ h =0, while the upper or the lower side of
shear layer of jet almost always hits the edge in y;./h =0.37; the amplitude of
Yie/ h=0.37 is smaller than thatof y; ./ h = 0. When the jet deflects outward (+ / T' =
0), in y; ./ h = 0.37, the lower side of shear layer separates into two layers from around
the center of mouth opening (x; // = 0.5). The upper side of shear layer and the upper
side of the separated shear layer deflect outward. The lower side of the separated shear
layer goes straight, implying that this flow is affected little by the fluctuation in the
upstream. The separation of shear layer seems to be caused while the lower side of shear
layer deflects outward (between ¢ /T = 3/4 of the previous cycle and ¢t /T = 0). Due
to the separation, over one cycle, the lower side of the jet in the downstream is disturbed

more in y;./ h=0.37 thanin y; ./ h =037
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Figure 5.11 Temporal variation of flow field at z; = z; =0 cross section, where

J

vorticity and pressure are respectively shown by contour and color. (6; =39°,1 / h =

5.6,0 = 16 L/min)
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Figure 5.12 shows the amplitude of the first mode of jet fluctuations, #,n,; / A, and
the relative amplitude of the second and the third mode to the first mode, 7,55 / Mlamp,1
and #ymp 3 / Mamp,1> from the exit to downstream. In the upstream (x; /1 < 0.5), #ymp 1 /
h of y;./h=0 and 0.37 are almost the same. In the downstream (0.5 < x;/ 1),
Namp,i / B Of yjo/h=0.37 is smaller than that of y;./h=0, where the
amplification of the fluctuation is suppressed in y; ./ h = 0.37. Since the amplitude of
the first mode is about 10 times larger than that of the higher modes, the entire jet
amplitude is almost determined from 7,y ; / k. The jet amplitude in the visualization
(Fig. 5.11) is larger in y;./ h =0 because My, / h is larger. Also, Mymn> / Mamp,1
and Mymp 3 / Mamp,1 Of ¥je/ h =0 are almost amplified toward the downstream, while
those of y;./h=0.37 are attenuated in the downstream. In the downstream of
Yie/ h =0.37, this lower side of the separated shear layer seems to be affected little by
the fluctuation in the upstream (see Fig.5.11); therefore, the amplitude of entire jet, which
includes the upper shear layer and the separated lower shear layers, becomes small, and
the higher modes of fluctuations are suppressed. For the same reason, the jet fluctuation
center in the downstream of y;./h =0.37 gets closer to the edge height (see Fig.
5.10(a)).
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Figure 5.12 Amplitude of the first mode of jet fluctuations, 7, | / &, and the relative
amplitude of the second and the third mode to the first mode, ympo / Mamp,1 and

Hamp.3 / Mamp.1> from the exit to downstream. (0, = 39°,1 / h = 5.6,0 = 16 L/min).

As the result that these jet fluctuations reach the edge, the temporal fluctuations of the
flow rate entering the resonator are as shown in Fig. 5.13(a). In this figure, the temporal
variation of the flow rate is calculated by integrating the streamwise velocity (U) at the

spanwise center of the edge (x; =/, z; = 0) in the y;-direction:
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Su® = [, UOdy, (5.1)

where y; jower» 18 the lowest y; where the time-averaged velocity ((}) is beyond 50% of
the maximum U. The value of S;, 1s nondimensionalized with the reference value,
So(= Uyh). Figure 5.13(a) shows that the amplitude of S, of Vie/ h =037 is smaller
than that of y; ./ h =0 because the jet amplitude is smaller. Since the amplitude of Sj,
is smaller, the SPLs of the radiated sound of y; ./ h = 0.37 is smaller. Figure 5.13(b)
shows the Fourier transform of S;,, where the amplitude of S;, at the nth mode is
nondimensionalized with the amplitude at the first mode, Sj,,/S;. The relative
amplitudes Sj,, /S| and Sj,3/S; of y;./h=0.37 are smaller than those of
Yie/h =0. This is because the amplitudes of the second and the third mode of jet
fluctuations are attenuated in the downstream (see Fig. 5.12). Comparing Sj,, / .S} and
Sin3/ S15 Sinp/ Sy is larger than 8,3/ in y;./h=0, while S;,,/S; and
Sin3/ Sy are comparable in y;./ h = 0.37. The predominancy of the second mode in
YVie/ h =0 is caused because S, has the two peaks in Fig. 5.13(a): around when the jet
deflects inward (¢ / T; = 0.4) and around when the jet changes its direction from inward
to outward (r /7T, =0.8). Figure 5.14 shows the temporal fluctuation of the jet
displacement () at x;/ h=4 Since the fluctuation of the jet displacement of Vie/ h=
0 does not have a second peak, the second peak of .S;, is produced by the jet fluctuation
around the edge not by the fluctuation upstream. The visualization in Fig. 5.11 showed
that the lower side of the jet is disturbed little in y; . / h = 0. Therefore, in y; ./ h =0,
the lower side of the jet impinges on the edge with a higher velocity than in y; ./ h =
0.37, and a reverse flow caused by the impingement may produce the temporal increase
of the flow rate (.S;,). The predominancy of the second to the third mode fluctuation of

S.

., 1S consistent with the harmonic structure of the radiated sound. This result denotes

that the harmonic structure changes with the temporal fluctuations of jet, even though the

actual jet offset does not change.
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Figure 5.14 Temporal fluctuations of the jet displacement () at x; / h = 4.

5.5. Discussion: Effects of Instantaneous Jet
Direction on Jet Fluctuations
5.5.1. Jet Offset
To clarify the cause of flow separation in y;./ h =0.37, Fig. 5.15 illustrates the
instantaneous jet direction in the upstream for y; . /h =0 and y;./ h = 0.37 while the
jet changes its direction from inward to outward. The fluctuation angle of jet is estimated
to be about 20° from the jet amplitude at x;/ h = 2. The shaded area shows the jet
fluctuation area when the jet fluctuates inward and outward by 20° around the jet
fluctuation center. Figure 5.15 shows that, when the jet deflects inward at the same angle
within the jet fluctuation area, the jet hits a higher position on the inner wall of the edge
in y;./h=0.37 than in y; ./ h = 0. The distance from the jet blowout center to the
wall is shorter in y; . / h = 0.37. The jet can be affected by the high pressure formed by
the impingement of the jet to the wall from a more upstream position in y; ./ h = 0.37

than in y; ./ h = 0. Probably due to this effect, in y;./ h =0.37, the flow is further
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disturbed, resulting in the separation of the lower shear layer.

5 Vielh 0 0.37
Instantaneous jet 3 S
direction

Jet blowout center
in upstream

»h

Jet fluctuation area

Figure 5.15 Schematic of instantaneous jet direction in upstream for y; ./ h =0 and
Vie/ h=0.37 while the jet changes its direction from inward to outward. The shaded
area shows the jet fluctuation area when the jet fluctuates inward and outward by 20°

around the jet fluctuation center.

5.5.2. Jet Angle

In Chap. 4, the speed of the change in the jet direction from inward to outward
decreases as the jet angle increases. To clarify the cause of this deceleration, Fig. 5.16
illustrates the instantaneous jet direction in the upstream for 6; =39°, 50°, and 65°
when the jet deflects most inward in one cycle. The jet fluctuation area is estimated by

the same way as in Sec. 5.5.1. As the jet angle increases, the jet direction approaches the
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inner wall of edge. The vertical fluctuation of jet decelerates probably due to the heigh
pressure near the wall. As a result, |d?& / dr?| at the moment when the jet changes its

direction from inward to outward decreases as the jet angle increases.
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Figure 5.16 Schematic of instantaneous jet direction in upstream for 6; = 39°, 50°, and

65° when the jet deflects most inward in one cycle.
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5.6. Conclusion

To clarify the effects of the geometrical relationship between the jet direction and the
edge on the jet fluctuations and the sound, direct aeroacoustic simulations on the flute
were performed. Under the conditions of the two jet offsets (the relative height of the jet
to the edge) investigated, the absolute values of actual jet offset are almost the same for
the two jet offsets but the harmonic structure of the radiated sound and the jet direction
to the edge were different.

The temporal fluctuation of flow rate entering the resonator was found to consistent
with the radiated sound, where the amplitudes and the relative amplitude of the second to
the third mode are larger in the smaller jet offset. Even though the actual jet offset does
not change, the flow rate entering the resonator changes, and thus the harmonic structure
changes.

The flow rate entering the resonator depends on the temporal jet fluctuations, which is
affected by the geometrical relationship between the jet and the edge. The jet visualization
showed that the shear layer of the jet is separated in the larger jet offset probably during
this shear layer crosses the edge. Due to the separation, over one cycle, the lower side of
the jet in the downstream is disturbed more in the larger jet offset than in the smaller jet
offset. The separated lower shear layer was found to go straight without fluctuating. This
implies that this layer is affected little by the fluctuation in the upstream. Since this flow
is not fluctuating, the amplitude of entire jet becomes small, the higher modes of
fluctuation are suppressed. As a result, the amplitude of the flow rate becomes small in
the larger jet offset. Also, in the smaller jet offset, the flow rate fluctuation was found to
have the second peak around when the jet passes the edge, which results in the
predominance of the second mode in the flow rate. This second peak is produced possibly
due to a reverse flow caused by the jet impinges on the edge without being disturbed.
From these, the flow separation seems to affect the temporal fluctuation of flow rate.

To clarify the cause of flow separation, the geometrical relationship between the

instantaneous jet direction and the edge was investigated. Based on this relationship, as
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the jet offset increases, the jet impinges on the inner wall of edge in a shorter distance,
where the jet is expected to be affected by the high pressure around the edge wall from a
more upstream position. As a result, the jet is disturbed more, resulting in the separation.

Based on the geometrical relationship, the cause of the deceleration of vertical
fluctuation of jet with the jet angle, observed in Chap. 4, was also investigated. When the
jet deflects inward, the distance between the jet and the inner wall of edge 1s estimated to
decrease as the jet angle increases. The vertical fluctuation of jet decelerates probably due
to the heigh pressure near the wall.

Due to the effects of the wall, the jet fluctuation changes, resulting in a change of the
harmonic structure. To clarify the cause of the change of the jet fluctuation, estimation of
the geometrical relationship between the instantaneous jet direction and the edge

inclination seems to be useful.
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6. Conclusion

The objective of this study was to elucidate the mechanism by which the radiated sound
changes with various conditions of blowing and the instrument’s shapes. Focusing on the
interaction between the airflow and the sound of flute-like instruments, the following

findings were presented.

Analysis for Sound Change Mechanism: Formulation and
Quantification of Jet Fluctuations by Direct Aeroacoustic Simulations
An analytical method for quantifying jet fluctuation characteristics was proposed to
determine which of condition of blowing and shapes mainly contribute to a sound change
under conditions where multiple parameters change simultaneously. The jet fluctuations
of the first and the second mode in two recorders were decomposed into the acoustic and
the fluid dynamic oscillations, and their characteristics (the convection velocity, the
amplification rate, the acoustic feedback effects, and the actual jet offset) were quantified.
This analytical method was found to be useful for investigating sound change

mechanisms.

Effects of Jet Angle on Harmonic Structure and Jet Fluctuations in the
Flute

The radiated sound showed that, within the practical range of the blowing parameters,
the harmonic structure (SPL difference between the second and the third harmonic) varies
markedly with the jet offset. Compared to the jet offset, the change of the harmonic
structure with the jet angle was less; however, this change was almost equal with the
change with the flow rate and comparably larger than the distance. The effect of the jet
angle on timbre seems to be an important consideration for flute players. The flow field
showed that the jet fluctuation center (time-averaged jet displacement) inclines inward

with increasing the jet angle. This inclination seems to occur because of the deceleration
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of the fluctuation of jet when changing direction from inward to outward. The variation
of the harmonic structure with the jet angle is mainly caused by the change of the actual
jet offset due to the inclination of the jet fluctuation center rather than the changes of

fluctuating component of the jet.

Effects of Geometrical Relation Between Jet Direction and Edge on Jet
Fluctuations and Sound

The geometrical relationship between the jet and the edge affects the position of the jet
fluctuation center as well as the temporal jet fluctuation. Even if the actual jet offset (the
relative height of the temporal mean position of the jet fluctuation to the edge) does not
change, the harmonic structure changes due to the changes of the temporal jet fluctuation.
To clarify the cause of changes of jet fluctuations, estimating the instantaneous jet

direction seems to be useful to understand the effects of the edge wall on the jet.

In conclusion, this study presented knowledge for elucidating the mechanism of the
sound change. The followings are future works that require the further development of
research on flute-like instruments.

Measurements of player’s techniques for changing sound

In addition to the findings of this study, investigating which/how much blowing

parameters professional players change with musical requirements may allow a

scientific explanation of playing methods.

Elucidation of noise generation mechanism

When playing flute-like instruments, especially the flute and shakuhachi, noise is
also generated. Although this study focuses on the fundamental tome and their
harmonics, investigations on noise generation mechanism seem to be useful to control

the sound.
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