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Baroque, classical, and modern flutes have successively more and larger tone holes. This paper
reports measurements of the standing waves in the bores of instruments representing these three
classes. It presents the frequency dependence of propagation of standing waves in lattices of open
tone holes and compares these measurements with the cutoff frequency: the frequency at which, in
an idealized system, the standing waves propagate without loss in such a lattice. It also reports the
dependence of the sound field in the bore of the instrument as a function of both frequency and
position along the bore for both simple and “cross fingerin@sinfigurations in which one or more

tone holes are closed below an open holEhese measurements show how “cross fingerings”
produce a longer standing wave, a technique used to produce the nondiatonic notes on instruments
with a small number of tone holes closed only by the unaided fingers. They also show why the
changes from baroque to classical to modern gave the instruments a louder, brighter sound and a
greater range. €2003 Acoustical Society of AmericaDOI: 10.1121/1.1612487

PACS numbers: 43.75.Ef, 43.75.(MHF]

I. INTRODUCTION them to play higher notes. They also eliminated or reduced

The tone holes of woodwind instruments are used tdhe use of cross finger_ing in all but the highest registers.
reduce the effective length of their bore. An open tone hole! '€S€ effects are explained below. o
provides a low inertance shunt between the bore and the Many aspects of the acoustics of wind instruments are
external radiation field so, at sufficiently low frequency, thewe” _understood, and reviews are given by Fletcher and
acoustic pressure inside the bore near an open tone hole ﬁ§§)§§|ng(1998, Nederveer(1998 and _othgrs. Th.e effects_ of
small. Consequently the bore behaves, at low frequencie?d'v'dual tone holes have been studied in detail theoretically

like a simple tube whose end is a little way beyond the first(DUbos":'t al, 1999; Keefe, 1982a; Strorg al, 1985; Ned-

open tone hole. This extra length or end correction is frerveenet al, 1998 and experimentally(Coltman, 1979;

guency dependent: at higher frequencies, the impedance gfeefe, ,1982b Beqade(1960, 1976 derives approximate

the inertive shunt is larger, and so the standing wave in thd1€0retical expressions for the cutoff frequency of an array of
bore propagates past the first open tone hole with an increaSPeN tone holes: the frequency above which the standing
ing relative amplitude as the frequency increases. As the reldY@VeS propagate significantly past the first open tone hole
tive amplitude of the standing wave propagating beyond th see Sec. I)l. He also explains how the frequency-dependent

first open tone hole increases, the length of the end corred’oPagation past a single open tone hole allows cross finger-

tion increasingly depends upon whether tone holes furthef?d (© flatten the pitch, and why the effect is greater in the

down the bore are open or closed. This allows what musi-SecorTd regis'ger th?(n inhth? first.f h i i th
cians call cross fingering: the closing of tone holes down . _Flgure lis ‘j" S etc. o tW‘,) of the stan INg waves In the
stream from the first open tone hole so as to changaally Spll’l"[ of Benade’s descrlptlmﬁFlg'ure 1a) combines features

to flatter) the pitch of the note played. In older instruments, °f Flgsf. Zhl'l’ 21.10 and 22.12 in Benfa(c;@?e.] The prﬁs-f_
cross fingerings are used in all registers. In modern orchestrgH'e of the standing wave does not fa _to_ zero at the |rst_
woodwinds, there is a tone hole for each semitone intervafPe" hole, because the inertance of the air in the open hole is
and cross fingerings are principally used in the high registeréﬂ,lot zero.dRaIther, 'r: pgnetrates mtol the Iart]tlce, wg_ere It is
although they are also used in the other registers for pitcl‘?‘tt‘;“n“hate aorrllg It e oreh Extrgpoﬁatmg the stan r']ng. wavg
and timbre adjustments and for contemporary techniqueg""s‘tt e open hole gives t eende ect. I_Becauset € Imped-
such as multiphonics and microtones. ance of the open tone hole is greater at higher frequency, the

The tone holes of woodwind instrument became |argerstanding wave pressure at the open hole is greater, so higher

in relation to the bore, from the baroque to classical to mod-mOdeS propagate further into the lattice and so have a larger

ern periods. This change was particularly pronounced in thENd effect. Figure (b) is an analogous sketch for a cross
flute. The larger tone holes had several effects: they made tH&19€ring, showing the larger end effect due to the lower

instruments louder and brighter in timbre and they allowedftténuation under the closed tone holes.
Benade’s explanations are in good qualitative agreement

with the observed effects on real instruments. However, we
aThis work has not previously been submitted for publication. A brief ac- Know of no experimental studies of the end effects in musical

count was presented at the International Congress on Acoustics, Ronjgstruments that examine the standing waves as functions of
(2001, “Tone holes and cross fingerings in wood wind instruments,” J. e
Smith and J. Wolfe, Session 8.09, pp. 14-15. both position and frequency. .

bElectronic mail: j.wolfe@unsw.edu.au The purpose of the current study is to measure these

9Electronic mail: jrs@newt.phys.unsw.edu.au standing waves in examples of flutes from different eras and
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(a) I_I —_—r s et Bt ] Il. MATERIALS AND METHODS

A. The instruments

\/\, The modern flute is a production line instrumeRearl
-

PF-661, open hole, C foptthe same instrument studied pre-
ol effee viously (Smith et al, 1997; Wolfeet al, 20018. The classi-

P — e —— cal and baroque flutes were reproductions made by T. McGee
of Canberra, Australia. The classical instrument is based on a
large-hole Rudall and Rog&R&R #655 from the Bate col-

" — lection in Oxford but has been rescaled to play at A

I" =440 Hz. The baroque flute is an unscaled replica of an

instrument made by J. A. Crone in Leipzig in about 1760. It

\A\ plays at A=415 Hz. The measurements were made at room

i temperature and humidityfor the different instruments,
- end effect measured on different days, this varied from 21 °C to 26 °C
p — and 53% to 58% relative humidity, values lower than those

in an instrument under playing conditignsThe modern
Boehm flute is nearly cylindrical, but the head joint tapers to
be slightly narrower at the embouchure end. The classical
standing waves for the first two harmonics in the bore of a flute for a simpleand baroql’!e f|Utes, have cylanrlcaI head joints and approxi-
fingering. (b) shows an analogous sketch for a cross fingering. The dotted"nateu conical bpdles, narrowing toward; the fopt. The cone
line indicates the standing wave in a simple tube with a length that gives th@ngle is greater in the baroque flute, so its bore is on average

same resonant frequency as the flute with this fingering. smaller than that of the classical instrument, which is in turn

in particular to measure their propagation beyond the firsflarrower th_an that of the moqem flute. Table | gives some of
open tone hole, and how it varies with frequency. We alsc}he dimensions of the three instruments.

measure the effects of cross fingering and show some of t
effects produced when the size of tone holes is changed.
chose flutes from the baroque, classical, and modern eras. In  The measurements of acoustic impedance were made as
the modern flute, the ratio of tone hole diameter to boredescribed previously(Smith etal, 1997; Wolfe et al,
diameter approaches the upper practical limit. In the baroqu2001h. The reference for calibration was a semi-infinite cy-
flute, the diameter ratio is smaller by a factor of nearly 2. Thdindrical waveguide, whose impedance was assumed to be
classical instrument has intermediate parameters. For theal and to have a value given pc/S, wherep is the
three instruments studied, acoustic impedance spectra medensity of air,c is the speed of sound arfélis the cross-
sured at the embouchure and sound files and spectra s&ctional area. A compromise is made among frequency
played notes have been published previouslplfe et al, range, frequency resolution, and dynamic range. For the ex-
2001a. periments measured over the range 0.2 to 3 kHz, the fre-

X >

FIG. 1. (a) is a sketch, after Benad&976), of the acoustic pressupeof the

2 Measurement of impedance and standing waves

TABLE I. A table of sizes of holes, positions of their centers, and bore diameters for the three flutes studied.
The key naming convention gives numbers to the three long fingers of each hand or the name of the note played
when the key is closed. The holes “tr2” and “tr1” are used for trills and as register holes on the Boehm flute.
“emb” refers to the embouchure hole, and its stated diameter is that of a circle having the same area.

Baroque Classical Modern

Hole Diameter Bore Position Diameter Bore Position Diameter Bore  Position

cork 182 —18.2 19.0 -175 157 -175
emb 8.5 18.2 0 11.1 19.0 0 11.5 175 0
tr2 8.0 19.0 201.0
trl 7.7 19.0 218.3

1 6.6 16.4 229 7.7 17.1 230 7.0 19.0 234.8
B 5.5 16.8 249 13.2 19.0 267.2
At 13.2 19.0 286.7

2 6.4 15.8 267 10 16.5 268 13.2 19.0 307.4
3 5.4 15.3 304 7.5 15.8 303 13.2 19.0 330.6
G 13.3 19.0 352.8

F# 14.2 19.0 377.3

1 55 14.6 363 9.0 14.6 361 14.2 19.0 402.9
2 5.6 14.0 398 10.9 14.0 393 14.2 19.0 430.3
E 8.0 13.9 412

3 4.5 13.3 435 6.4 13.1 429 14.2 19.0 459.0
D 6.2 12.1 497 11.6 12.4 478 155 19.0 490.6
C# 12.3 11.7 514 15.5 19.0 524.2
C 9.7 11.0 548 155 19.0 557.8
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FIG. 2. A schematic of the technique we used to measure the standing waves, with a broad band acoustic current source and probe microphones that can be
placed at the embouchure or at closed or open tone holes. The details at the embouchure are enlarged in the sketch at left.

guency spacing was 2.5 Hz. For those over the range 0.2 tihe same microphone, any intrinsic frequency dependence of
12.5 kHz, the frequency spacing was 10 Hz. the microphone response will cancel.

The calibration procedure for measurements of the |, order to perturb minimally the system under study, we
standing wave in the bore was as follo#sg. 2. An acous-  seq 4 probe microphone with a small outer diaméfer
tic c'urrent was synthesuzgd from frequency component%m)_ However, the frequency response of a long probe mi-
ranging from 0.2 to 3 kHz in 2.5-Hz increments. This was onhone with a small diameter decreases rapidly when its
input to the embouchure hole via a short pipe of diameter 7.8 4, js increased because of viscous losses. This imposes a
mm with & length(6 mm) that was chosen so that its imped- sport ypper limit on the useful length of the probe micro-
ance approximates the radiation impedance that normallyyone “and makes it difficult to insert usefully along the axis
loads the instrument at this point when it is play@mith ot the instrument. For this reason, measurements were only
etal, 1997; Wolfe and Smith, 2001The effect of this im-  yaren at tone holes. The tone holes are separated by a few
pedance may be removed using the transfer matrix for a Cys \hich is rather smaller than the wavelengths studied, so
lindrical waveguide, and this has been done for the highyhis spacing is adequate for the study. When the tone holes
frequency measurements reported in Fig. 3, which aims tQquere closedeither by stoppers made to size, or by keys with
explain the shape of the impedance spectrum rather than {Q.tral holes into which stoppers were inseytélde probe of
predict playing frequencies. For the other figures, it has beef, o microphone was passed through a hole along the axis of

included. Fletcher and Rossinig998 analyzed the momen- he siopper. In all cases, the end of the probe microphone
tum of the region in which the air entering from the jet mixes,, 1< on the axis of the bore.

with the air in the bore and concluded that the embouchure
radiation load impedance is.effectively in §eries with the_im-cl Measurement of pitch
pedance of the bore when it acts on the jet. A probe micro-
phone, outer diameter 1 mm, was placed on the upstream To measure the pitch change produced by cross finger-
side of this short pipe, at the position of the acoustic currentngs, three experienced flutists were asked to play each of the
source. The pressure spectrum at this point was measureites, with each fingering, in each of two registers. They
and the spectrum of the output acoustic current was adjustetere told that the fingerings were not standard, and that they
so that the pressure signal measured by this microphone wa¥gyed at various pitches between about F4 and G4 in the
independent of frequency. first register and F5 and G5 in the second. They were asked
To maintain the same geometry after calibration, theto blow normally(mezzo fortefor a note in the first register
original probe microphone located at the embouchure wagnd then to blow normallymezzo fortgfor a note in the
replaced with a second microphone of the same type. Theecond register. For these measurements, the temperature and
original probe microphone was now used to measure thBumidity of the air were presumably rather higher than am-
sound pressure in the bore via the tone holes. Because vi@ent, but this was not measured. For each flutist/fingering/
report only ratios of the pressure in the bore to the pressure &gister combination, three examples were recorded using a

the embouchure, and these have been both measured usf#gital tape recorder. The fundamental frequency was deter-
mined from a digital Fourier transform, with windows of®2

points, sampling at 44.1 kHz, and averaging over one or

I% more seconds.
10} 55 Wy \;Vl\, Ill. RESULTS AND DISCUSSION
2 \v{ The physical measurements are made at room tempera-
2 B ture and humidity, rather than at the elevated temperatures
1 ' and humidities of playing conditions, so the speed of sound
05 ooogoeomﬁ is_ _expected to be about 1% less than that under playing con-
02 © ditions. The baroque flute is tuned to=A15 Hz, so it plays
01l e about one semitone%) flatter than the classical and mod-
L L B B AL L L ern instruments. This study, however, is primarily concerned

f/kH: . . . . .
P23 4 s 6T 89 10 I Tk with the relative pitch changes due to cross fingering or be-

FIG. 3. The input impedance spectriin MPa.s.m® or MQ) of amodern  tween registers, rather than with absolute pitch.
flute for the fingering used to play#5 and Ct6. The upper inset shows a )
fingering diagram such as a flutist would recognize. The lower inset showé\. Input impedance spectrum of the flute

a schematic of the keys. For these notes, all tone holes are open except for . . .
two small trill or register keys and one of two similarly placed holes that are Figure 3 shows the input impedance spectrum for a

used as alternates. modern flute, for a fingering in which all of the tone holes

J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003 J. Wolfe and J. Smith: Cutoff frequencies and cross fingerings 2265



that are normally used are open. In this plot only, the radia- 1ZI [~

tion impedance at the embouchure is not included. This fin- M
gering is conventionally used to play6 and Gt6 (554 and
1108 H2, with the player changing embouchure and jet
speed to select the note. It can also play6G1661 H2, so
it plays the first three notes in a harmonic series, which cor-
respond to the first three minima B(f), approximately
equally spaced by 550 Hz. These correspond to resonance
of a length of bore about half the length of the flute. This is
a little more than the distance to the first open hole, beyond
which the standing wave is attenuated strongly. The reso-
nances associated with this harmonic series become weake
with increasing frequency because of increasing visco- °
thermal losses at the walls. 02
We show in the next section that the calculated cutoff
frequencyf . for this instrument is about 2 kHz. At frequen-

20
10

cies well above that of the cutoff, the frequency spacing Ilqz—g_

between minima is 270 Hz. These resonances correspond t
standing waves along the whole length of the instruniseé 20
especially between 7 and 12 kHAt such high frequencies, 10
the inertive reactance of the tone holes is so high that the s
standing wave propagates along the tone hole lattice almosi
as though the tone holes were closed. This effect is seen
more clearly in instruments with lowefr, (discussed later,
Figs. 4 and &

Above about 3 kHz, the resonances of the bore become 2
rather weak. This can be explained qualitatively by saying 1

that they are effectively in parallel with a Helmholtz resona- s
tor formed by the air in the embouchure hétee massand

the volume of air that lies between that hole and the sealed -
end of the flutelthe compliance The expected frequency of

this Helmholtz resonator is of the order 3 kithe value is 1zl

approximate because the wavelength is no longer very muchMQ
larger than the dimensions of the air forming the compli-
ance. The broad maximum between 7 and 11 kHz may cor-
respond to the resonance of the air in the embouchure riser. !
This is a truncated cone, 5 mm long. A waveguide model for
a flanged, truncated cone with this length and the radii of
Table | has a broad maximum of about 1@\t around 9.5
kHz.

B. Cutoff frequencies

Benade(1976 applied transmission line theory to the
section of bore with open tone holes, and derived the follow-
ing approximate expression for the “cutoff” frequené€y of
this “open tone-hole lattice:”

instru

: oY)

b
f,=0.110--
a

D «
—
(9]

whereb and a are the radii of the tone hole and the bore mate
respectivelyw is the speed of sound,is half the distance "'
between the centers of adjacent tone holes, an$ the

effective length of the tone hole, being approximately its

geometric length plus 1.B. In this model, waves with fre- and

baroque

resonances of
entire length

B Z(f) for fingering
: P of lowest note
cut off frequency extremum of Z(f) for
each simple fingering
lll|l||lll|lll|ll'llllIIIIIIIIIIIIIIII

1 2 3 f/kHz

cut off frequency

classical

Z(f) for fingering
of lowest note

. 4%
extremum of Z(f) for
* each simple fingering
|||ll||||IlIIIll||||l||'|l|l|||||l||||||
! 2 , 3 f/kHz
[ - cut off frequency
modern

Z(f) for fingering
of lowest note

extremum of Z(f) for
* each simple fingering

TIIIIIIIIIII|I|IIIIIIIIIIIIIIIIIIIIIIII

1 2 3 f/kHz

FIG. 4. The effects of the filtering by the open hole lattice, for the three

ments studied. The measured impedance spedjuaf the lowest

note is indicated by the faint dots that form an almost continuous line.
Superimposed are the extrema of the impedance spectra for all simple fin-
gerings(large dot$. Cutoff frequencies calculated from Benade’s approxi-

expression are shown. In practice, the cutoff frequency varies from
0 hole, so means and standard deviations are shown.

The three instruments studied have different size bores

tone holes, so the cutoff frequencies of the lattice of

guencies belovi. will be attenuated as they propagate alongopen tone holes are different: lowest for the small-holed ba-

the lattice. However, frequencies abo¥g will propagate
through the lattice essentially without loss.

roqu
baro
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FIG. 5. The upper figures show the sound pressure spectrum in the center of the bore of a barogef)fartd a modern instrumefitight) for the fingering

XXX-O0O0 for the note G4 or G5. Results are expressepgs/pemp- Different curves were obtained on the bore axis at the positions of different tone holes,

as indicated by the numbers on the curves and on the sketch of the instruments. The lower figures show the acoustic impedance spectra measured at the
embouchure for these fingerings. The scale bar at the upper right of the figure for the baroque flute indicates the harmonic spacing of resonartices of the en
bore. (To allow closer inspection, the individual curves that superpose here are printed separately at http://www.phys.unsvwedu.au/

Crossfingeringfigures. pgf

have different sizes, the cutoff frequency also depends uporeal instrument the tone holes and their separation are of
the fingering. Some typical values are given in Table Il.  finite size. In the waveguide model the dimensions of the
The cutoff frequency predicted by Edl) has been elements in the lattice of open tone holes are always much
widely and successfully used. Due to approximations in thesmaller than the wavelength but this is not the case for the
model Benade used, however, one would expect it to becommal instrument. Further, the model will not be applicable to
increasingly imprecise around the cutoff frequency. Thesections of bore with a small number of tone holes of differ-
transmission line theory used assumes an infinitely long latent size at higher frequencies. Accordingly we present in the
tice with distributed or continuous components, whereas in &ppendix a derivation of Eq(1) for tone holes of finite size

TABLE Il. Values for the cutoff frequency, calculated using Benade’s expressior{l E@nd typical values of

the relevant parameters. The effective length of the tone hole includes an end effect at each end. For the
classical flute, only the tone holes used in the diatonic scale are included in the means. For the modern
instrument, all holes except the trill holes are included.

Bore radius  Tone hole  Tone hole  Effective Interhole Cutoff frequency
Flute a radiusb lengtht lengtht, spacing 2s fe/Hz
baroque 7517 2.8£0.3 5 9.2:1 41+10 103G+ 300
classical 7515 43:1.1 5 11.5:1 40+10 1430£ 500
Boehm 9.5:0 6.7-1.1 2.5 12.61.2 275 2050+ 400
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and spacing, and some calculations of the impedance and 1 23 456789

gain of an open tone hole lattice using a simple empirical dB

model. - 3_ 3= cut off frequency
The cutoff frequency is one of several effects that deter- : ;i

mine the envelope of the impedance spectra of the flute. For 10

each of the three instruments, the data for all possible simple

fingerings(i.e., fingerings that are not cross fingeripgse 0

summarized in Fig. 4. The extrema become successively
weaker with increasing frequency, in part because of greater

wall losses at high frequency, and in part because the air 20

upstream from the embouchure hole acts as the reservoir of a

Helmholtz resonator in parallel with the bore. This is seen 30

most clearly in the impedance spectrdmfor the fingering

for the lowest note, in which there are no open tone holes. -40 e A RARREEEEE

2 f/kHz
1 23 456 789

(The complete impedance spectrum is shown for this finger-
ing only) For all other simple fingerings, there is a lattice of

open tone holes, and the extrema become weak at a fre- dB
guency near the calculatdd.

For the baroque and classical flutes, for frequencies 20
above the calculatetl., the extrema o for simple finger-
ings have an envelope similar to that®f. On the baroque 12

flute, above about 2 kHz, the extrema of simple fingerings

tend to cluster near those @f . In other words, for frequen- 0

cies well abovef., all fingerings behave approximately as 10

though all holes were closed! This effect is successively less

noticeable on the classical and modern flutes, whose tone -20

holes are successively bigger and more numerous, and there-

fore less negligible, even at high frequency. -30 Y

C. Standing waves for simple fingerings e R RNy PRy LERRRET L]

0 2 f/kHz

To illustrate the effects of cross fingering, we chose one A ] 1 ) e bore of a dlassical flute 1
simple and one cross finering for detailed stujeasure- | >, © 8 08 T o . Reeuls are expressed as
ments for other flngerlngs are given by Woteal. (20013'] Poore/ Pemp» the ratio of measured pressures at positions in the bore to that at
The simple fingering chosen was that for the note G, inhe embouchure. Different curves were obtained on the bore axis at the
which the tone holes or finger holes controlled by the leftpositions of different tone holes, as indicated by the numbers on the curves
hand are closed and those for the right hand are open. This 1’~J§d_ Fhe sk_etch. They therefore represent displacement along the bore, at

. positions given by Table I. The numbered horizontal dashes are added to

often represented by wind players as XXX-OOO, the charyy,qy, the maxima of the superposed curves.
acters representing the three largest fingers of the two hands,
X being closed and O being open. This choice of fingering
allows us to measure the standing waves in both the opemately harmonically related. This is shown in the figures by
and closed parts of the bore, via the finger holes. On althe arrows, which have been drawn at harmonics of the fun-
instruments, this is the standard fingering for G4 and G5. damental frequency. For the baroque flute, the first two reso-

The effect of the cutoff frequency can be seen in bothnances fall belowf.. For the modern instrument, the first
the impedance spectrum and in the standing wave spectra i¥e resonances fall belofy. . On the modern instrument, the
notes with simple fingerings. Figure 5 shows these spectriingering for G4 can be overblown to sound G5, D6, G6, and
for the modern and baroque flutes for the fingering XXX-B6 with intonation error less than the variability among play-
00O, used on both instruments for G4 and G5. The impeders. The classical flute@ata not shown in this figure, but see
ance spectra are measured at the embouchure hole and Figs. 4 and § has intermediate cutoff frequency and inter-
clude an impedance representing the embouchure radiationediate behavior: the first four impedance minima are ap-
impedance, as described above. The standing wave specfeoximately harmonic.
are measured at the tone holes. Only one spectrum measured The increase in cutoff frequency from baroque to clas-
inside the closed region of the bore is shown, so as not teical to modern has important consequences for the sound
complicate the figure further. produced. For most fingerings, the highferincreased the

Below f., the flute behaves approximately as an opemumber of impedance minima that are in nearly harmonic
tube terminated at the position of the first open hole, plus amatios and thus the number of resonances that interact with
end correction which increases with frequency because of thearmonics of the air jet to produce the spectrum of the note
greater penetration into the open tone hole lattice by thelayed. For the same note and dynamic level, the sound
waves with higher frequency. Below,, the impedance spectra of the more recent instruments are richer in higher
minima and the peaks in the standing waves are approxharmonics[spectra given in Wolfeet al. (2001B]. This
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makes them “brighter” in timbre, and also considerably first open hole. This is observed: for the first resonance (
louder, because, for most of the range of the flute, the highe=870 mm), the amplitude falls monotonically from holes 1
harmonics fall in a range where the ear is more sensitive thagp 4 (131 mn). For the higher resonances, this length is
it is to the fundamental frequency. greater than\/4, and so the pressure variation is not mono-
At frequencies somewhat higher then the impedance tonic. On this flute, hole 1 can be used as a register hole to
of the open tone holes becomes sufficiently high that theroduce a note near the third harmonic, D6, and hole 2 can
wave propagates past them all the way down the bore. Thee used as a register hole to produce a note near the fourth
resonances in this frequency range are therefore standirngarmonic, G6(A register hole is one that is opened to allow
waves along the entire length of the instrument. Hencestanding waves with nodes near its position, but to disallow
above about 1.4 kHz for the baroque flute, the standing waviwer frequency resonances. It thus selects notes in higher
peaks and the impedance minima are approximately equallyegisters, whence the namét hole 1 (register hole for the
spaced in frequency, but the spacing is smaller. The averaghird resonancde the third resonance has a low value of
difference in frequency between the last six impedanceaound pressure and a discontinuity. Similarly at holee®)-
minima is 278 Hz, which is similar to the frequency of the ister hole for the fourth resonangéhe fourth resonance has
lowest note of the baroque flu®77 Hz: D4 in baroque a low value of sound pressure and a discontinuity.
tuning with A=415 Hz). For the modern flute at frequencies Most of the spectra from different positions show strong
above about 2.5 kHz, the minima are also more closelyeaks at the first four harmonics of the note G4, correspond-
spaced, but the resonances are weak at these frequétfcies ing to standing waves with half wavelengths equal to integral
Figs. 3 and 4 fractions of a length equal to the distance from the embou-
The various features of the standing waves are mosthure hole to the first open hole plus about 80 ., the
clearly seen in the classical flute, which has an intermediatiength of the closed tube, plus end effects for the embou-
number of tone holes, of intermediate size. Data for the finchure and for the tone hole lattic& he frequencies of these
gering XXX-O0OO are shown in Fig. 6. At this stage, we peaks correspond, to within 2 Hz, to the minima in the
restrict discussion to frequencies below the cutoff, which foracoustic impedance spectrum measured at the embouchure.
this fingering on this instrument is about 1.6 kktliscussed The flute can be blown to play notes with these frequencies.
below). Intervening frequencies do not generate strong standing
Figure 6a shows the decay of the standing waves in thwaves with this fingeringand the flute cannot be played at
lattice of open tone holes. The pressure amplitude falls byhese frequencies without making large changes to the end
several dB from one open hole to the next. This can beffects. The good approximation to harmonic ratios may
analyzed with a model in which the sections of bore areseem surprising, because the end correction in the tone hole
treated as waveguides and the tone holes as discrete elattice is expected to be frequency dependent. The closed air
ments. Using such a model, and using the typical values ivolume upstream from the embouchure and the shape of the
Tables | and II, the attenuation between adjacent open hold¥ore are responsible for “correcting” this frequency depen-
is of order 10 dB and depends in a complicated way orfdence, and others related to playing techniq@enade,
frequency(see the Appendix for a calculatipiThe actual 1959; 1976; Fletcher and Rossing, 1998
value varies from hole to hole, because of the nonuniform
bore and hole size. For instance, the sixth hole is small and ] ] )
the seventh large, so the attenuation from hole 5to 6 is lesg- Standing waves for cross fingerings
than that from hole 6 to 7. For the most distant open hi@es There is no cross fingering that is equally similar across
and 9, the measured attenuation is less strong. The intensitsll three instruments. For the cross fingering, we chose
in the bore here is comparable with that of the external soungkXX-OXX, which is discussed below. Results for the simple
field. Near and above the cutoff frequency, the spectra arfingering XXX-OOO and the cross fingering XXX-OXX are
complicated and there is no simple dependence upon postompared in Fig. 7. The fingering XXX-OXX on the baroque
tion. The simple model fails in this region because the standflute plays a sharp #4 (for which it is an alternative finger-
ing waves penetrate further and more closely approach thiag): i.e., closing the additional holes lowers the pitch by
resonances of the complete tube, as discussed below. about half of an equal tempered semitone. Overblown, it
Notice that, at frequencies below the cutoff, the pressurlays approximately F5, i.e., about two semitones flatter than
amplitudes of the resonances measured at holthel first  the XXX-OOO fingering. The note is unstable and difficult
open hole in the lattigeare of approximately equal ampli- to play. On the classical instrument this fingering plays G4
tude. This is because the input acoustic current spectrum habout a quarter of semitone flat, and G5 about half a semi-
been adjusted to produce equal pressure amplitude at thiene flatter than the XXX-OOO fingering. The Boehm flute
embouchure hole. At the subsequent open h@¢3,7), the  has more tone holes and it also has key linkages that are not
pressure signal increases with frequency because of greatgresent on the other instruments. The fingering XXX-OXX
penetration into the lattice. engages a clutch that closes thg¢ key. The cross fingering
In the closed part of the bord=ig. 6(b)], the behavior effect alone lowers the pitch by about 15 and 30 cents in the
below the cutoff frequency has some complications that aréirst and second registers, respectivé8ee Table Il In all
explained in terms of the standing waves of the first fewflutes, the cross fingering produces notes in the third register
resonances. One expects the pressure amplitude to fall monio- which the open hole operates as a register hole, so con-
tonically in the last quarter wavelength upstream from thesiderations of the cross fingering end effect are not relevant.

J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003 J. Wolfe and J. Smith: Cutoff frequencies and cross fingerings 2269



x/A x/A

-0.159 -0.106 -0.053 0.000 0.053 0.106 0.159 0.213 -0.149 -0.099 -0.050 0.000 0.050 0.099 0.149 0.199
20 1 1 N N 1 1 1 N 20 1 1 n - 1 n 1 L
i XXX-000 Boehm s : XXX-OXX Boehm |
154 + - e -+ F
104 104 o
s 54 E
0 — 0 t
5 -5 3 —a—342 |[
(] —o—754 —e—697
-103 T —A—1141( | -10 3 —a—1007| [
r - - 1526 ~w- 1157
-15 ] et —o—-1908| -15 4 __ —@—-1459| |
<o 2261 T 4o 1801
]
20— : . F—— 220 4 — T — T
2150 -100 .50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200

x/A x/A
0159  -0106  -0.053 0.000 0.053 0.106 0.159 0213 20154  -0102  -0.051 0.000 0.051 0.102 0154 0205
20 L L L " L 20 1 L 1 L L 1 L 1 n 1
XXX-000 Classical T XXX-0XX Classical F
154 151 ks -
104 10 ] o o E
53 54
\ -
0 03 +—+—+—+tg gy — 3 = -
LN \L— /
5 ] 5] \;" ’,' —o——4¢ —a—3ss [F
v._.2, ¥ —eo—746 |[
104 -10 4 b ) —a—us7(f
I -w- 1569 (F
-15 3 s =f —@—- 2027 _ 215 I -4 18%0(F
vt 2300 F ¥ <o 2102
-20 f—vr~—r—r—r—-r—r-—r—+—r-r-r—r—r—"Fr-r—r—rrrr—r—"rr——rV—v 20 3+ r . T . —
-150 -100 -50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200
X (mm) X (mm)
® @ [ o Opofl= 0O © ] ® O 0 o epef[=>» C O
x/A
X/A
0151 -0101  -0050 0000 0050 0101  0ISI 0202 -0150  -0100  -0050 0000 0050 0100 0150 0200
20 N S T IR T T TR 20 L1
XXX-000 Baroque XXX-0XX Baroque
151 e 15 3
104 L 104 -
5 r 54 -
0 RN S F 0 N T z h S i | +
. : <3 — gt 5
-5 3 —a—350 | | .53 t\: v - —.—347 4
\. / bl b — L el
. E —a-sa |F
10 4 < . F a |—A-144| E 104 - F
-w- 1144 | |
~ - 1456 [ F
15 ] b o —em1| | -15 3 T el
- 1642 F
e 1990 r F
20 T T T T 220 T T y T T~ T =
150 100 50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200
x (mm) X (mm)
& % % (s 'O SIS ® ¢ ¢ [o e s[> 1

FIG. 7. Acoustic pressure in the bore for simgleft) and cross fingerings. The vertical axigig,/Pemp (linear scalg the ratio of pressure to that measured

at the embouchure. Positions are measured with respect to the position of the first open hole and are shown in(loeternaris and in fractions of a
wavelength of the fundamental or lowest resonafugper axis. The figures on the left show the simple fingering XXX-OOO and those on the right show
XXX-OXX. The curve with the squares and heaviest line weight is that of resonance with the lowest frequency. The other curves are for next five resonance
in increasing frequencyThe frequencies in Hz are given in the inserfhe sketches of the instruments are drawn to scale in the horizontal direction so that
the holes used to make the measurement line up with the data. Lines between data are a guide for the eye only.

The pressure at the peaks of the spectra measured at tfaling below the cutoff frequency for each instrument—are
tone holegcurves including those in Figs. 5 angli6 plotted  very nearly in a harmonic seriésvo harmonics for the ba-
in Fig. 7 as a function of the position of the holes throughroque, four for the classical, and five for the modeFor the
which they were measured. The first few resonances—thos@mple fingering XXX-OOO, the shape of the fundamental
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TABLE lIl. The pitch change, in centsstandard deviation, due to the cross 20
fingerings shown in Fig. 7. One equal tempered semitak@0 cents.

Baroque Classical Modern

First resonance —50£20 —25+5 —15+5
Second resonance —215+20 —55+5 —-30=5

Gain (dB)

wave is simple: it decreases monotonically with distance § | = N
along the bore, and is very small in the lattice of open tone | Baroque EAYH A
holes. Attenuation in the open tone hole lattice is greatestin ;5| ---Classical " N
the modern instrument, which has larger holes, and least in ——Boehm
the baroque instrument, as expected. For the modern instru .40 . Baroque  Classical _ Boehm _
ment, the higher resonances also behave much as expecte 0 500 1000 1500 2000 2500 3000
These resonances have nodes in the closed part of the bore, Frequency (Hz)

so these curves are not monotonic: for example, the standifgG. 8. The theoretical variation of the gain at the start of the tone hole

wave for the fourth resonance has a node near the hole E{tlce_ as afunctlon_of frequgncy for three different types of flute. This gain
Is defined as the ratio of the internal pressure at the second open tone hole to

_90 mm[See also Fig. (&) _and the explanation in the PEN- that at the first open tone hole. In this and in Fig. 9, the vertical arrows

ultimate paragraph of section ]C indicate the average value of the cutoff frequency calculated using dimen-
For the classical and baroque instruments, the greatesions for the first two open tone holes, for each instrument.

penetration into the open keyhole lattice results in a compli-

cated pattern, even for the simple fingering. For the baroqugff frequency, the standing waves penetrate strongly past the
instrument, the fifth and higher resonances approximately regpen tone hole. In the case of the instrument with the small-
semble harmonic standing waves over the full length of thesst holegbaroque flutg the standing waves above the cutoff
tube[as shown in Fig. @)]. For the baroque flute, the pres- frequency are little affected by the open holes and are close
sure at the last hole downstream is comparable with that ifg the expected resonances for the complete length of the
the field outside the instrument. instrument, with all tone holes closed. With larger holes, the
For the cross fingering, the standing wave of the lowestncreasing cutoff frequency gives a larger number of imped-
resonance is substantially terminated by a single open hole ifince minima that are in approximately harmonic ratio. This

all instruments: the wave falls to a small amplitude at thejs expected to contribute to the production of notes that are
open hole and its amplitude decreases almost monotonicallyrighter in timbre and louder.

in the downstream closed section. These curves resemble the Below the cutoff frequency, the standing wave propa-

sketch given by Benad@ 976 to explain the effects of cross gates past the first tone hole by an amount that increases with
fingering. frequency and that decreases with increasing tone hole diam-

For the modern flute, the second resonance also fallgter. For both the cutoff frequency and the attenuation in the
monotonically beyond the first open hole, but the third,tone hole lattice, the observed values are in agreement with
fourth, and fifth all show local maxima inside the down- those of a simple empirical model. The observed behavior of

stream tube. The third resonance plays a slightly flat D&he standing waves explains the observed effects of cross
(with a little difficulty), the fourth resonance a shargi6-

For these cases, the open hole may be considered to act as 00
register hole. When the open hole is closed, the fingering is

that for D4, whose fourth and fifth harmonics are near D6

and R6. In the cross fingering shown, the open hole is be-
tween one-quarter and one-fifth of the way along the pipe

and thus the third and fourth standing waves of the cross 103
fingering are closely related to the fourth and fifth resonances 3

of the fingering for D4. All of these resonances may be Ny
played with the cross fingering, although the third is not N
stable. 14 Baroque

For the classical and baroque flutes, all standing waves T Dassical
except the first increase in amplitude downstream from the k
open hole, and the third and higher resonances are similar tc ]
the fourth and higher harmonics of the D4 fingering: for 04 L . .Ba.r?qf’e. Cla.'ss.ic?'. . |B'oehlml .
these notes the open hole is sufficiently close to a pressure 500 1000 1500 2000 2500 3000
node and/or its inertive reactance is sufficiently high that its Frequency (Hz)
being open makes relatively little difference to the standing
wave. FIG. 9. The theoretical variation of the impedance downstream of the first
open tone hole as a function of frequency for three different types of flute.
V. CONCLUSIONS Each curve has been normalized with resped,tg, the radiation imped-

. . ance for an unbaffled aperture with a diameter equal to that of the bore. Thus
The CUtF’ff .frequerllcy of the mstruments INCreases, ag . is the impedance that would be measured if the flute were physically
expected, with increasing tone hole diameter. Above the cut«cutoff.”
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fingering on the playing frequency and the impedance speawheres=L/2. This is the same expression that Benade de-

tra for the different instruments and different registers. rives using transmission line theory.
Both the Benade model and the analysis given above fail
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APPENDIX: THE CHARACTERISTIC FREQUENCY OF have also qrbitrarily used it for the classical and baroquc_a
AN INFINITE TONE HOLE LATTICE WITH FINITE flutes, altering the bore and tone hole diameters appropri-
COMPONENTS ately. For simplicity the effects of energy losses along the
_ _ o . bore have not been included in the results presented here.

Two successive open tone holes in an infinite, cylindri-gjg,re 8 shows the calculated variation of acoustic pressure

cal bore are separated by a distahcé.ooking downstream  ¢om one tone hole to the next. Figure 9 shows the calculated

from one open tone hole, the acoustic impedance is given Byeqency dependence of the lattice. In the case of the ba-
the four terminal expressiofFletcher and Rossing, 1988 oque fiute, the acoustic impedance above the cutoff fre-

Z, coskL+jZ,sinkL quency shows a regular series of maxima and minima, rather
Zin= °jZ,_ sinkL+Z, coskL’ s_imilar t(_) that of a simple_ pipe. As observed above, in rela-
_ o _ tion to Figs. 4 and 5, this is because the tone holes behave as
whereZ, is the characteristic impedance of the bdfe,is  though they were closed at these frequencies and so the

the load impedance present at the next tone hole and othgbwnstream impedance does indeed approximate that of a
symbols have their usual meaning. Using lower caser  simple pipe.

impedances nondimensionalized by dividing &y, this be-
comes
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