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ABSTRACT

In order to clarify flow and acoustic fields around a recorder with opened and closed tone holes, direct
aeroacoustics simulatiomas performedvith compressible Naviebtokes equatian For validation of the
computaional accuracy, the velocity distribution and soymessurdevel were experimentallymeasured

The predicted velocity profile of jet ejecting from the windwayinsgood agreement with that of
experimat. The numerical results shothat the fundamentairequency and sound pressure level of
predicted sound are almost the same as that of experiments. The path of the standing wave of the recorder
was estimated with the pressudistribution The operend corrections found to be lomgéan those for a
conventional simple pipe due to the effects of the impinging jet on the edge and the uniform flow in the
resonator. When the vortices of the jet fromuedway aregetting near téhe edge, strong deformation of

the vortices occgrand expansion wave radigtin the resonator. Themplitude and phas# the acoustic
particle velocityare almost the same dbose ofthe jet itself. It indtatesthat the acoustic fieldmplifies

the fluctuations of the jet and maintsthe acoustic and fluid relations.
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1. INTRODUCTION

Since the sound quality of the music instruments depend on various factors, materials, shape and
players skill, it is a verymportant experience of the craftsman in the development of the musical
instruments All players are seeking music instruments with good sound quality. It is therefore
necessary to clarify scientifically generation mechanism of the sound of music instsuteoent
establish a design method.

In airreed instruments sh as flutes, bamboo flutegecorders and so onfluid-acoustic
interactions consisting oforticesand resonance ia pipe occurgl]. Many researchers have been
investigated these phenomen@shikawa et al. [2] measured the flow field around the exit of the
windway and mouthby using Particle mage Velocimetry (PIV) and identifiethe acoustic sources
based orthe Howedvortex theory[3]. Giordano[4] investigatedthe effects of the chamfers did
windway exit and the position of the edge with reference to the windway on the tonal sound using
the direct numerical simulations based on the NaS8imkes equations, taking the ideal gas equation
of state and assuming adiabatic conditions. However,ntechanism of the acoustic radiation and
that of the generation of the vortices due to the acoustic feedback have not been clarified.
Furthermorethe relationship between the pressure fluctuations of the standing in the pipe and
the operendcorrectons, which are used in the simple prediction of the acoustic resonant frequency
of the pipe, has not been clarified.
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To clarify the abovementionedphenomena the direct numerical simulations based on the
compressible NavieBtokes equations are perforchéor an actual recorder (YR28BIII) as shown
in Figurel. To validate the computationalccuracy the velocity field and sound pressure level are
measured by PIV and microphone, respectively.

The sound wave receptivity of the jet oscillation around the edge is evaluated to compare order of
fluctuation velocity and acoustic particle velocity. Moreover, the phase difference of pressure
fluctuations in the resonant pipe is measured to find oup#ie of the standing wave and estimates
the length of the opernd corrections of actual recordeMoreover he effects of the jetelocity
and the state of tone holes on sound generation of a recorder are investigated.

2. Computational Methodol ogies

2.1 Flow Co ndition s

The flow and acoustic fields arouradrecorder were irastigated by using a short recordeith
threetone holesas shown in Figure.lin this paper, hereafter, this model is calledfifidl modelo.
For PIV measurements, one of thedek was divdedinto halfin the center of spanwise direction
as shown in Figure 1(b)n this paper, hereaftethis model is called aghalf modeb. Each tone
holesare called fiTone hole 00, iTone hole 3 6 andfiTonehole n & in turn from that is near to a
mouthpiece ashownin Figure 1.

Figure 2 showsschematics for configurations @écorder.The origin of coordinate systenis
locatedat the center othe outlet of the windway in the vertical and spége directions for the full
model. For the half modethe origin is set athe boundary between the modahdthe acrylic bard.
The streamwise direction in the windway was thaxis, the vertical direction was theaxis, and
the spanwise direction inteestionwith those two axes was ttzeaxis.
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Table 1 showsxperimental and numerical conditions of the recorder investigations. In order to
estimate the effects of the flow ratn sound level and the frequency, the flow rate is changed from
7.1 L/min to 9.0 L/min in full model simulatioand from 7 L/min to 30L/min in experiment. The
flow rate of the half model for PIV measurement is setQtc= 3.55 L/min. The jet velocities
correspond to change froU,,x = 11.3 to 13.7 m/s in the simulation, and frddpax = 11.2 to 40.2
m/s inexperimen. The simulation velocities ar¢he almost the same as the velocitigfsthe actual
velocity for musical performancé),ax= 10- 15 m/s.

The flow and acoustic fields areeasuredvith state of tone holes as parameters of sound quality
of recorders.

Tablel Condition forexperimentand simulation of recorder

Model Tone holes Flow rate Jet velocity Mach number
Q [L/min] Umax [M/S]

Half model Open 3.55(Comp. and Exp.) 11.8 0.034
7.1(Comp.) 11.3 0.033
Open 9.0(Comp.) 13.7 0.040

Full model 7.0~35(Exp.) 11.2 ~ 46.5 0.033 ~ 0.137
Close 9.0 (Comp.) 13.7 0.040

7.0~30 (Exp.) 11.2 ~ 40.2 0.033 ~0.118

2.2 Governing Equations and Finite Difference Formulation

In order to simulate thénteractiors betweenflow and acoustidields, the threedimensiona
compressible NavieBtokes equation was directly solved using the sodtheraccurate compact
finite difference scheme (the forttrderaccurate at the boundaries) [5]. The time integration was
performed using the thirdrderaccurate Rung&utta method To reproducethe complex shape of
the recorder on rectangle grid, the VP (Volume penalization) mdislodias utilized The external
force term, the penalization terW, is added to right hand side of tgeverning equationsf the
threedimensional comgessible NavieiStokes equations as follws:

Q+(E-E) +(F-F) +(@G-06,)), =V (1)
duru, /px, 6
x® (o]
e O )
— R & o]
V=-@r-19e® o 8 (2)
® 0 o)
® 6
¢ 0 -
f =0.25, 3)
el (inside object)
c =j (4)

i ,
i 0 (outside object)

whereQ; is the vector of theonservativevariables,E, F andG arethe inviscid flux vectos, E,
F, andG, arethe viscous flux vectar 7 istheporosity of porous medium cis the mask function.
The porosity fwas determinedso that the sound wave can beflected almost completely
(reflectivity 99%).

In order toreduce the computational cost, largedy simulations (LES) were performed. No
explicit SGS model was used. The turbulent energy in the GS that should be transferred to SGS
eddies is dissipated by a l1ethder spatial filter of equation (5). The filtersal suppresses the
numerical instabilities associated with the central differencing in the compact scheme [7].

* a

any\»l +yE\ + alyEHl = a 2” (y i+n +.y |-r\)Y (5)

n=0

wherey is a conservative quantityz is the filtered quantity. Theoefficientsa, has the same valus
as those used bgaitondeand Visbal[8], and the value of parametaris 0.45.
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2.3 Computational Grid

Figure 4 shows the computational domalie computationaldomain in thex-y crosssectian is
divided into three regionsg vortex regiona saind regionand a buffer regiomavingdifferentgrid
spacing. In the vortex region the grid spacingis set to be fine theninimum to capture vorties
aroundthe edgeand the shear layes shown in Figure.5rhe maximumspacing isDfpin = 0.05 mm
and corresponds /26, whereh is the minimum windwayheight. The dominantvertical structures
related to tones argpproximatelycapturedby 10-12 gird points.n the saind region, more than 10
grid points areused pefundamentalwavelength. Also, in the buffer regionthe grid is stretched to
weakenacousticwave near the artificial outflow boundaryhe total grid pointsare approximately
8.2x10" grid points.

2.4 Boundary Condition

Non-reflecting boundaries were used at boundaries afdy directiors as shown in Figure 4 and
the periodic boundarieswere usedin the z direction To reproduce the jet in the windoway, the
blowing was applied to the inlet region of the windoway. Tdlewing velocity was shown in
Figure4.
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Figure4 Computationalomainand boundary condition Figure 5 Computational gridear
windoway and edge

3. Validation of Computational Methods

3.1 Flow Fields

Theprediced flow and acoustic fieklwere validatedvith comparison of thosef measurements.
Figure 6 showsthe comparison of mean velocity profiles of numeripgegdictos and experimentat
x/h =0.22,z/h = 0. The predicted profiles are in good agreement with tlttdsaeasurements
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Figure 6 Mean velocityprofiles (Unmax= 13.7 m/s open holes)(a) Streamwise velocity. (b) Normal
velocity
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3.2 Sound Pressure Level

Figure 7shows the predicted and measusedindspectrawith opened and closed holasx = 0,y
= 90, z = 0. The fundamentaltone and overtones areproduced andhte predited frequencyand
sound pressure levef fundamental tonarein agreemenwith thoseof measurement

Moreover, Figure 8showsthe effect of the jet velocitynax on thesound pressure levelnd
Strouhal numbe(StWT 1/Uy,,) of the fundamental tonés the velocity increses, the sound pressure
level becomesdntense, and the Stecreasedecauseof the resonance frequency of resonant pipe
remains constant under flow conidih is changedThe tendency of the sound pressure level and
frequency change with the state of tone holes, closed and opened, agreed with the experiments and
numerical simulatiosa It has beerconcluded that the presecdmputational methadcan adequatgl

capture flow and acoustic fielsround the recorder
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Figure 7Comparison of predicted andeasuredsound spectrdUm.x= 13.7 m/$ (a) With opened
holes.(b) With closed holes.
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Figure 8Dependency of jet velocity osound pressure level and frequency of fundamental tdne
arecorder(a) Sound pressure levéb) Fundamental frequency.

4. Result and Discussion

4.1 Fluid -Acous tic Intera ctions

4.1.1 Acoustic Radiation

Figure 9(a) shows the fluctuation pressysé around the recorder. Figure 9Jbshows the
fluctuation pressurgd and vorticity waround the edgeFigure 9(9 showsthe vorticity and the
iso-surface of the second invaaint of the velocity gradient agertical structures In these figuresT
is the time period,of the fundamental frequencyThe origin of time,t = 0, is defined aghe
fluctuation pressurbecame the maximum valwa the center line aheresonatompipe
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Figure 9 Time variation of fow and acoustic fielsl (Unax = 13.7 m/s, open holés (a) Contours of
fluctuation pressure (bfontours of fluctuation presire and vorticity(c) The isosurfaces of the
second invarianof the velocity gadientand contours of vorticity
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