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The acoustical nature of the head joint of a transverse ute is examined in mathematical detail. ‘The elfective
length of the flute is altered in the amount by an embouchure correction Al = {¢/2x f) arctan {{¢/2x)(f/r)/
(2/% =797}, where fis the playing (requency, ¢ is the speed of sound in the contained air, r the (17-mm) cork-
to-embouchure distance, and f, a parameter (near 1430 ¢ps) which is essentially the frequency of a Helmholtz
resonator made by plugging the bore with a sccond cork a distance r below the embouchure. This correction
is roughly constant at 42 mm over the normal plasing range. Iilects of cork position, lip position, and
embouchure-hole size are discussed in detail, as is the effect of cavity resonances in the player’s own mouth,
Tuning errors caused by the edgetone-regeneration mechanism are shown Lo he correctible by a head-joint
taper perturbation. Three designs are analyzed, which produce a fattening at Jow frequencies, zero effect
near 600 cps, and a maximum sharpening near 1000 cps. Abave, this the correction returns smoothly to zero
at the upper playing limit near 2000 cps. In the high register, the correction is produced jointly by the taper
and the vent holes. 'The whole analysis is summarized hy means ol a detailed comparison of the Boehm de-
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sign of flute with the older cylindrical-head, taper-hore model and with the purely cylindrical flute.

INTRODUCTION
A. Nature and Scope of the Discussion

HE Nuie has for many vears been the object of
scientific interest, not only becuuse of its impor-
tant role in music, but also because of un external
simplicity that suggests that it is susceptible to straight-
forward analvsis.'=3 As is the case with all musical
1A aell-known classic on the subject of llutes is T. Bochm,
The Flie and flule-Playing, translated and annotated by 1. C.
Miller (Rudall, Carte & Co., London, 1922).

2 The history of the flute as a musical instrument is well sum-
marized in Anthony Baines, Woodwind Instruments und Their
History (W. W. Norton & Co., Inc., New York, 1963), rev. cd.,
Chaps. 2, 7; see also pp. 248-252, 316-324.

3 A gaod gencral account of the earlier scientific history of the
flute is to be found in R. S. Rockslro, A Trealise on the Construc-
tion, the History and the Practice of the Flule (Rudall, Carte &
(0., London, 1928), rev. ed., see especially Chap. 3.

4 A considerable body of analytical work on the flute is de-
scribed in (a) H. Bouasse, Tustruments d vent (Librairie Delagrave,
Paris, 1929, 1930), Vols. 1, 2; (b) . Bouasse, ZTuyany of
résonatenrs (Librairie Delagrave, Paris, 1929). It is unfortunate
that no hibliographical information whatever appears in these

instruments, however, the close constructional toler-
ances required by the musician combine with the often
intangible phenomena of physics, physiology, and
psychowcoustics to transform this initial simplicity of
the flute into a subtly interacting complexity.

The present report sets forth a mathematical analysis
of the [lute’s head joint as it interacts with the player,
together with o brief discussion of the related musical
implications of various phenomena.®

While the tone color of a tlute is determined in part
by the same parameters that control its intonation, it
is not possible to analyze tone color meaningfully
unless resonance properties of the complete instrument
are known over the whole spectral domain. Required

works. However, most of the references to studies made in the 18th
and 19th centuries may be identified in Lthe extensive reference list
that appears at the beginning of Rockstro’s book (Ref. 3).
 Page references Lo specific topics in these books are given under
the author’s names at various places in the remainder of this report.
" AUH. Benade and J.W. I'rench, J. Acouast. Soc. Am. 34, 716 (A)
11962).
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Fi16. 1. Schematic diagram of the flute embouchure-hole system,
as it is coupled to the player’s mouth cavity. The eleclrical circuit
impedance analog is also shown.

in addition is a knowledge of the detailed nature of
the regeneration mechanism that sustains the oscilla-
tions. Since this paper deals only with the head joint,
it would be premature to attempt here 2 discussion of
tone color.

Several informal experiments are described that may
be performed by any flautist on his own instrument, to
call attention to important or unfamiliar aspects of
the problem at hand. Theyv are not presented as the
major basis upon which the argument is founded.

1t should be emphasized that it is a matter of con-
siderable subtlety to make a meaningful comparison
between theoretical calculations of the properties of a
{lute with any of the various semiempirical recipes that
are used in the practical design of Hutes. For example,
Boehm? calculates the position of the nth hole above
middle C upon the basis of the following formula:
L,=[(fc¢/ f2)Le—31.5] mm, with Lg=670 mm. Here
L., is the distance between the cork and the tone holc for
this note and f, is its frequency. L¢ is what Boehm
terms the “theoretical” length for the note middle C,
and fq is its frequency. Note: Le is nof the half-wave-
length for this reference frequency, but rather a
quantity that involves an integration of the wave
velocity over the closed-hole portion of the bore and an
open-hole end correction at the lower end of the playing
length, as well as contributions from the embouchure-
cavity system, the edgetone-regenerative system, and
the head-joint taper. Since the present paper deals
only with the head joint, comparison hetween theory
and practice is premature.

B. Summary and Outline

Section I is devoted to a study of the boundary
condition that is imposed on the upper end of the flute
by the nature of the emhouchure hole and the cavity
that exists between this hole and the cork. As a first
approximation, the effect of the player’s mouth and
throat on the flute’s resonance frequencies is ignored.
It is shown that, for normal playing on a modern
Boehm-design flute, this boundary condition gives

7 Ref. 1, pp. 34-37.
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rise to an end correction that is very nearly constant
with frequency over the whole playing range. The
magnitude of this correction (as measured from the
center of the embouchure hole) is close to 42 mm. The
etfect of varving the amount by which the embouchure
hole is covered by the lips, and of moving the cork, is
also computed.

Section II describes the nature of the alteration that
is brought about by the player’s mouth cavity, and
estimates are made of the magnitude of the resultant
tuning changes. It is shown that this effect is musically
small, but not negligible, being of the order of 5 or
10 cents. The flute’s tuning is relatively unaffected by
the presence of the cavity for notes whose frequency
is well below that of the mouth resonance. There is an
abrupt but essentially constant shortening of the
effective length of the tlule when the playing frequency
rises above a certain frequency that lies just below the
mouth-cavity resonance frequency.

Section 1IT gives a phenomenological account of the
nature of the edgetone-regeneration mechanism that is
used to excite the oscillations of the flute’s air column.
This account is used chietly to show the need for a
frequency-dependent length correction that is to be
superposed on the correction that arises in the
neighborhood of the embouchure hole.

Section IV describes two methods by which a
frequency dependent correction of the proper sort may
be obtained, one having its practical realization in the
tapered head joint originated by Boehm and the other in
the cyvlindrical head that was commonly used with
conical bore flutes, and is still met with in piccolos.
Detailed calculations are presented of the efiects pro-
duced by several typical head joints, along with an
account of the qualitative way in which design changes
alfect the resonances of the flute. A particularly
interesting result of the analysis is the elucidation of
the manmer in which the needed sharpening effect
produced by a head-joint constriction ceases at a
frequency (near 1000 cps) that is close to the one at
which the sharpening efiect of the high-register vent
holes begins.

Section V is devoted to a musically oriented re-
capitulation of the earlier sections, the discussion being
cast in the form of a comparison of three major types
of head joint. Systematic procedures for adjusting the
intonation of two of these are described also.

I. EMBOUCHURE HOLE AND HEAD CAVITY

The upper end of the flute head joint may initially be
thought of as providing a terminating admittance for
an essentially cylindrical tube that is open at its lower
end. This termination consists of the embouchure-hole
admittance shunted by the admittance of the small
cavity that exists between the hole and an adjustable
cork plug. The admittance of the hole is made com-
plicated not only by the mechanical shape of the hole
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through the riser and lip plate of the flute itself; but
also by the partial shading of the hole by the playver’s
lips. A further complication is hrought in by the fact
that the pliay er’s mouth and throat cavities are coupled
to the flute by way of the aperture between his lips.
Figure 1 gives a schematic mdication of the nature of
the system, along with its electrical-impedance analog.
For the purposcs of analysts, it is forlunate that the
opening to free air between the lip plate of the fate
and the player’s mouth opening is farge cnough very
nearly to decouple the flute from the mouth cavity
resonances, The effects of these resoniances can therefore
be ignored initially, and alterward Lrought in as a small
correction, as is shown in Sec. T1.

A. Formulation of the Problem

In general, the length correction A produced by a
nonifinite terminating admittance ¥, may be written®
as

A= {(c 2x[)arctan(1,j1,). (1)

Here, 1o is the characteristic admittance of the pipe, ¢
is the phase velocity of sound within it, and 7 is the
frequency at which the vadue of A s to be evaluated.

In the problem at hand, the terminating admittance
(located at =0 on a coordimate axis running the length
ol the bore) is the sum of the embouchure-hole admit
tunce 1, and that of the hole-1o cork cavity 17

Vi=T+T1.. (2)

For all musical purposces, the linear dimensions of the
hole and cavity are much smaller than the wavelensth,
so that the low-frequency approximations to the ter-
minaling admitlances are perfectly adequate, 15 the
bore has a mean radius ¢ in the neigshborhood of the
cmbouchure hole and if the hole-to-cork cavity has the
length r (as measured from the center line of the
cmbouchure holed, then the two admittances are as
given in L. (3), along with an cxpression for the
charactenstic admittance Vg of the main tube.

I'v=—J(K 2rf), KN=consi; (3a)
V=4 j(ma’r, 0?) Q2 f); (3y)
Vo= (ra*/pc); (3¢)

In this approximation, 1"y becomes
Te=—j(me*/pc)[(Kpc/ma?)/ 2n ) — Q2 fric) ). (1)

Because it i1s not susceptible to direct measurement,
nor to calculation from the linear dimensions of the
hole, the aperture constant A is best expressed in
terms of the observable natural frequency belonging
to a1 Helmhol1z resonator that is made out of the tute

& A detmition and brief discussion of the meaning of the length
correction as uscd here is given in AL HL Benade, J. Acoust. Soc.
Am. 32,1591 16081019601, Sees. TV X and VA see L. (30). In
this reference. the covrection is expressed in terms of the imped
ances Z, and Z, rather than the corresponding admittances.
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Fre. 2. End eorrection produced at the embouchure hole, as com-
puted irom Eq. (6). The beaded curve shows the behavior when
the player’s lips are in normal position. Vuriable fr. r=17 mm.

by adding @ second cork to the head joint. If this
new cork s placed the same distance 7 beloir the
¢ nbouchure as the original cork is aboze it, the algebra
hecomes particularly convenient. This new resonator
runs al such a natural requency as to make the actual
hole admittinee equal in magnitude to the calculable
admittance 2V, of the two “paralleled™ hele-to-cork
cavilies.

At the Helmoholtz resonator’s natural frequency f,
therefore, the following relation holds:

K= (ra*!pc) (2m f.)2 (3)
With this expression for A7) Eq. (4) can then be used
with the detining Kq. (1) to give an explicit formula for
the fhute embouchure length correction Al as follows:

(c 20)(f ")].

217— f2—

At frequencies for which j# rises past the value
212, the argument ol the arciangent first becomes
singular and then changes sign, and as a result A,
also changes sign. Un tlutes, this phenomenon takes
place at a eritical frequency near 2000 ¢ps, which is at
the top of the mstrument’s normal range. At the
crilical frequency, Al is given by

Alcril-::l:%(l/\l) (C/fr)- (7)

Ale—(c 2xf) nrclnn[ (0)

B. Results and Discussion

IFigure 2 shows the dependence of the quantity Al,
on the playing frequency for various values of the
reference Helmholtz resonator frequency f,.. These are
cileulated for the particular value =17 mm, which
is usudl on Boelm Nutes, Most Hutes are built {o play
wall in tune when the plaver so arranges his lips that f,
is ahout 1430 ¢ps (the curve tor this value is emphasized
Ly being drawn with a beaded line). 1t is, however,
possible to play with the embouchure hole covered
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I'16. 3. Variation of the embouchure end correction Al produced
Ly moving the head joint cork as calculated from Eq. (8). The
beaded curve shows the normal behavior for a Boehm flute.

enough to lower f, as fur as 1200 cps or uncovered
enough to raise it to nearly 1600 cps.?

An interesting feature of the length correction (as
described above) is its almost perfect constancy over the
nmusical frequency range, if the player’s lip is in normal
position. The musician can, of course, alter the fre-
quency of his instrument quite considerably by rolling
the flute in or out on his lip, which serves to alter the
value of f,.

For a fixed lip position, f? varies inversely as the
volume of the Helmholtz resonator cavity, which is in
turn directly proportional to r. Let fi; be the value of
fr that is obtained when =17 mum with the player’s
lip in some definite position: this same lip position will
then give a resonator frequency f,—=(17/r)%fi; when a
new value of r is used. Equation (6) mayv therefore be
written in the following form

(c 200(/ ") ] ©
2007 Nfiid—J*

Aly= (¢"2xf) arctunli

Figure 3 shows the manner in which the frequency
dependence of varies with 7 for three different values
of fi7. Once again, the curve for normal playving condi-
tions (r=17 mm; fi;— 1430 cps) is ewmphasized by
being shown as a beaded line. The curves in Fig. 3 may
be summarized as follows: At the bottom of the Aute’s
range, even drastic alterations in the value of r do
very little 1o alter the frequency of the plaved note.l®
If higher notes are considered, increasing the value of »
from 17 mm tlattens the frequency, while decreasing
sharpens it. This can be put in another way, which is
more useful In the musical context: Everything else

3 When f, is 1430 ¢ps, the value of Alyi, implied by Eq. (7) is
close to 42 mm.

10 Tn this part of the Hute’s range. the effective tube length is
around 500 mm, so thal a change of 1 mm in the eticctive length
cortesponds 1o a frequency change of aboul 3 cents.
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being equal, A, remains essentially constant with
frequency if 7 is near 17 mm. Increasing # has the effect
of shrinking the basic musical intervals that relate the
frequencies of the various normal vibrational modes of
the instruments. Decreasing r has the converse effect
of widemng the intervals. The order of magnitude of the
effect is small: about 2 cents per octave change is
produced for cach millimeter that 7 is altered.

In conclusion, it is to be emphasized that the domi-
nant linear dimensions that control expression for Al
are the hore diameter, embouchure-hole “diameter,”
the height of the rise, and the cork-to-hole distance. All
of these tend to stay in rough proportion to one another
as the flute’s dimensions are decreased from those of an
alto flute through the concert llute, down to the piccolo.
These dimensions vary as the square root of the length
of the instrument, rather than as the first power,!
and as a result each size of instrument has a value of
fr that is consistent with its general frequency level.
The quantitative considerations discussed here apply
accurately only to the concert flute but very similar
qualitative conclusions hold for the other instruments
of the flute family.

II. EFFECTS DUE TO PLAYER’S MOUTH AND
THROAT

Since the analysis of the flute’s embouchure system
itself as a passive device has been essentially completed
in the foregoing section, the next step is to inquire into
the effect of perturbations produced by the player’s
mouth and throat on the nature of the terminating
impedance of the flute tube. ’

A. Formulation

Addition of the playver’s mouth-cavity system to the
upper-end termination of the flute has the eflect of
shunting a part of the embouchure hole by a device
whose admittance function has resonances and anti-
resonances. Near a resonance of this added system, the
flute will behave as though it is loosely coupled 1o a
Helmholtz resonator. Near the anfiresonances of the
plaver’s svstem, the flute termination reverts to the
one that has already been analvzed. Attention need
therefore be focused only on the perturbations produced
by a single-degree-of-freedom system that is coupled to
the flute.

In order to preserve as much as possible of the
earlier analysis, it is worthwhile to construct a modified
expression for the reference frequency f.. Straight-
forward but tedious algebraic manipulation shows that
at a playing frequency f the new [, is given bv the
following formula (in the notation of Fig. 1)

f'=1/2m)[2C(La+BL) T, €)

11\, H. Benade, J. Acoust. Soc. Am. 31, 137-146 (1939), Sec.
VII-B.
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I1c. 4. Frequency
dependence  of the
player's mouth-cav-
ity perturbation coef-
heient B. The heavy
line shows the typ-
ical behayior in prac-

tice. —'—=° §=2.0.
—e¢ 4=135 --—-
a—1.1. — 5=1.0.
—b8=150=3
where

CUr= 10000, f0. 001
[ fu)—10—0CF S 0n])
d=[14+(Lo/L)]. (11)

The parameter f is still to be interpreted as the
resonant frequency of the doubled hole-to-cork cavity,
but now the admittance of the aperture is altered by
the near presence of a resonator whose natural [re
quency is f, and whose quality factor is Q.. Because
of this alteration, f,’ is not a true constant even when
the plaver keeps a fixed lip position on his lule, and it
varies'? with playing frequency by way of the disturb-
ance coefficient B.

B=real parl{ 10)

and

B. Summary of Mathematical Results

The qualitative nature of the phenomena brought
mto being by the player’s mouth cavity may con-
veniently be approached by way of a study of the
frequency dependence of the factor B. Lquation (9)
shows that the value of ;" 10 be used in Lq. (6) shrinks
as f3 grows, and as a result the flute is lattened by an
increase in B, Figure 4 shows the dependence of 8 on
the frequency for several values of the parameter 8:
four of the curves are plotted under the assumption of
infinite mouth resonator (), while the fifth shows a more
realistic situation where both § and () are chosen to
approximate values appropriate 10 an actual flute. The
behavior of all the curves may be summarized rather
easilv as follows: (a) At low plaving frequencies, B3
approaches unity, so that the disturbance to the flute
woes 1o zero. (b) At high frequencies, B approaches
(148), so that the fute is sharpened slighUy. (c¢) The
transition between the Lwo limiting values occurs in
the neighborhood of f— {,./+/5. (d) If the damping is

12 Autention is called to the fact that, if the player closes his
lips, the “inductance” at the lute's embouchure hole is 1. — Ly, La,
while open lips have the effect of multiplying £ by the frequency-
dependent factor B [see Eq. (91 ]. In the neighborhoad of a mouth-
cavily antiresonance, a new coelhicient mast be found 1o 1ake the
place of B: it has the property of reducing o unity at the anti-
resonance frequency and so making the system behave as though
the lips were closed.
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low, B vanishes when /= /... The dominant musical
implication of this calculation is the prediction of a
“jog” in the intonation, such that the flute is slightly
flatter when played al frequencies below f,/\/8 than
it is when plaved above, and that in the immediate
neighborhood of this transition frequency there may be
large discontinuities in the tuning™ of adjacent notes.

C. Estimation of Parameters and Magnitude
of the Effect

It is possible to make reasonable estimates of the
magnitude of the tuning jog produced by the player's
mouth and also the frequency region in which it takes
place. Furthermore, il is possible to show the existence
of the effect by simple experiments that ure accessible
to any flute player.

When the flute is i normal playing position, direct
mspection shows that the player’s mouth aperture is
considerably smaller than is the open passage from the
top of the lip plate into the open air. This shows that
the ratio {La’l.,) of the impedances of these two
apertures is less than unity, and that therefore 1 <8< 2.
Tt 1s reasonable to lake §=1.3 as a good approxima-
tion to the actual situation. Upon this basis, it is
possible 1o estimate the magnitude of the frequency
shift as being in the neighborhood of 39 or 109 of a
semitone, an amount that is relevant to the design and
plaving of flutes. When playing a tlute, the musician’s
mouth and throat are in roughly the same position
as the one he uses for pronouncing vowel sounds like
“ah,” “aw,” or *oh,” cxcept that his Jarynx is pulled
out of the wuy so as Lo leave a relatively more free
passage 1o the lungs and his lips are puckered more. It is
plausible to expect that value of the resonance frequency
that is appropriate for use in Eq. (9) should be some-
what lower than the frequency of the lowest formant for
the kind of vowel described above, a frequency that
lies™ in the range of 300-600 ¢ps. The second formant
for these vowels falls n the rimge of 1200-1800 cps, and
so are far enough removed as to cause no complications,
while the third formant is higher yet. If, now, the
musician keeps his lips steady, but moves his tongue so
that he alternales between **pronouncing” his normal
playing vowel and one having a drastically different
formant structure, then notes that are in the neighbor-
hood of his normal j,, will have their tuning shifted
somewhat when he uses the new vowel. On the other
hand, notes whose frequencies are well away from the
normal f, are cxpected 1o be unatfected by these
changes, because the factor 8 is essentially constant
above and below j,. A good alternative vowel to use

U Tuning errors arising in this way- cannot he corrected by a
simple alteration of finger-hole positions or sizes without intro-
ducing identical errors (with sign reversed) in other octaves where
the same holes are in use.

AV, AL Van Bergeijk, J. R. Pierce, and E. E. David, I'aves
and the Ear (Doubleday & Co., Inc., Garden City, N. Y., 1960},
Table II, p. 188.
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in such experiments is the ane Jound in the word heed,
for which the first formant is as low as 270 ¢ps and the
second one up 1o 2290 cps.

Plaving each note of the chromatic octave that
descends toward middle C while the tongue shifts back
and forth between its “‘ee” and *“oh” positions shows
very little efiect above the note AE, but that particularly
in the neighborhood of G# and A (near 430 ¢ps) there
is an appreciable shift in plaving frequency associated
with the change of vowel. The sign of the shift is
consistent with the assumption that f,, has been moved
from above to below the plaved frecuency. That is to
say that the played note associated with the high
frequency formant “oh” is (latter than that belonging
to the low-frequency formant “ee.” A similar sensitivity
to the vowel change is to be expected in the neigh-
borhood of the formant frequencs of the alternative
vowel and this is indecd sometimes observable in the
neighborhood of C (280 ¢ps), except that here the
frequency change is much less prominent and can
have either sign, depending on the exact way in which
the “ec™ is pronounced.

II1. EFFECTS DUE TO EDGETONE MECHANISM

Fvery flaulist is very much aware of the sensitivity
of the frequency 1o the velocity of the air jet that he
projects across the embouchure hole. The flute has a
tendency (o go flat when plaved pianissimo and sharp
when blown at maximum loudness. As a result, the
intonation must be corrected during changes of dy namic
level by changing of lip positions, by rvolling the
instrument about ils axis, or by nodding the head.
Small but rapid changes are also made by exploiting
the coupling between the flute and the highly mobile
mouth cavity of the musician, as described in the
preceding section. Since the wind-velocity dependence
of the frequency dilfers in the various parts of the
flute’s scale, 1L is apparent that an instrument that is
built with satisfactory intonation in one register, and
al one dynamic level, could be off pitch when plaved
at the same loudness n another register. Before analyz-
ing the design of actual flutes as 1t 1s alfected by the
edgetone regencrative mechanism that sustains their
oscillations, it will he necessary to describe the major
phenomena.

A. Phenomenology of Edgetone Regeneration

There is an enormous literature on edgetone oscilla-
tions, both experimental and theoretical, a certain
amount of which is controversial. The present summary
is based on an extensive discussion by Bouasse!”'8
from the point of view of its musical implications.
Fortunately, evervthing that will be required for
present purposes can easily be checked with the simplest

BRef. 4(a), Vol. 1, Chap. 4, Scc. 96 103; Vol. 2, Chap. 9,
Secs. 143, 156-160.
16 Ref. 4(b), Chap. 3, Secs. 52-160.
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I'ig. 5. Schematic
diagram showing the
— 1 edgetones produced
by a jet-edge system
that is under the in-
fluence of a cylin-
drical pipe.!V is the
air-jet velocity, and
the horizontal lines
indicate the natural
frequencies of the
pipe. The points a, b,
¢, etc., represent the
régime Dbuccale fre-
quencies, while the
heavy lines I, m, n represent the régime normale frecquencies that
are used in music.

of experimental cquipment, and theorctical explana-
tions of the various phenomena are not needed.

There are two distinel classes of regenerative be-
havior associaled with a jet-edge system Lhat is coupled
to a resonator, onc of which appears at low blowing
velocities and the other at higher velocities. Bouasse
refers to the first of these as the régime buccale, and
the second as the régime normale: it is the latter that
is of primary interest to musicians, while the former is
perhaps easier to analyze mathematically.'¥ Consider
first a simple air jet directed against a knife edge
lacated at a fixed distance 4. For any given air velocity
I', one or more whistling sounds will be produced:
these are nol in general harmonically related, but
their frequencics 77 all vary with 17, s, and an ordering
parameter j in accordance with an equation'® of the
following form:

Ti=aj(V=)L(1. 1 —~] (12)

Here oo, 3, and v are constantsand j=1,2.3,3.8, 3.1, - - -.
The lines marked I, IT) 11, and IV on Tig. 3 represent
these cdgelone frequencies in a schemalic fashion for
increasing values of the parameter j. When the air
velocity is reasonably large, a rushing sound can be
heard in addition to the whistling. The listener can
sometimes associale a certain crudely dehined feeling
of pitch to this rushing noise, a pitch that lies con-
siderably lower than that of the whistlings. The
partially shaded region that slopes up from leit to
right in Iig. 5 suggests this impression of pitch as it is
related to the air velocity.

So far, the deseription has been contined to the case
of an isolated jet-edge system. 1f, on the other hand,
the jet and its associated edge are brought within the
“domain of influence” of a resonator—i.e., within a
distance about equal to the transverse dimension of an
aperture of the resonator -~a new sct of phenomena
comes into being. Because of its relevance to Lhe flute,
it is convenicnt here to restrict atlention Lo a resonator
whose natural frequencies form a complete harmonic
series: Lhe set of horizontal lines drawn across the

17 Tn any event, dimensional analysis gives the same results for
both régimes.

1 (5. B, Brown, Proc. Phys. Soc. (London) 49, $93-507 (1937).
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fuce of Iig. 5 represent these evenly spaced natural
frequencies of the resonator. I, now, the air velocity
is gradually increased Irom zero, essentiadly no sound
is heard except at values of F corresponding to the
intersections of the sloping cdgetone frequency lines
with the horizontal lines that represent the normal-
mode frequencies of the resonator. If [0 s steadily:
increased from zero, the sounds produced in order will
(for the example at hand) be those labelled by the
letters a, b, ¢, -+, so that the impression of a random
sequence!? of notes s given o the listener. This set of
discrete  frequencies s the manifestation ol what
Bouasse calls the régime buccale in the interaction of a
jet with its resonator. In the #égime buccale, the pipe
does not speak except when the frequency of one of its
modes of vibration is cqual to one of the edgetone
frequencices of the isolated system. Ttis Lo he emphasized
that these sounds come and o abruptly, as s varied,
und their frequencies are not “*pulled” up or down by
small variations in |7, Furthermaore, these sounds are not
harmonically related to each other unless the resonator
has one of the particular shapes that give rise (o
harmonically  related  eigenfrequencies.  The  régime
buccale 1s not normadly used in musical instruments.

As the air velocity is further increased, to the point
where the frequencies contained in the rushing noise
become comparable with the first resonance frequency
of the pipe, a new and generally stronger sound s
heard, which is initially at @ lower frequency than that
of the lowest resonance of the pipe. As 17 increases, this
frequency rises toward that of the pipe, as indicated
by the heavy line in Fig. 5. The shape ol this curve
has many features that are remintscent of the behavior
of a beating reced that 1s coupled o a resonator: Just
as in the case of @ mechanical reed, the sound produced
is Jower m frequency than the correctly caleulated
resonance frequency of the pipe itsell, rising toward it
asvmptoticallv untl a blowing velocity is reached for
which the svstem overblows o a frequency near that
of the next higher resonance of the pipe. This over
blowing phenomenon 1s conmected with the change in
sign of the net reaclance of pipe’s input impedance as
the frequency is moved through resonance. I there
ts positive feedback (and so the possibility of regenera-
tion) on one side of the resonance frequency, then there
is of necessity negative feedback on the other side of
resonance. The heavy lines marked ) m) i, in Fig. 5
represent schematically the frequencies that can be
excited by the air jet in the region of the rushing noise.
The vertical dotted arrows connecling these curves
represent  the transitions between the various fre
quencies; the upward arrows show transitions obscrved
when 17 is increasing during the course of the experi
ment, while the downward arrows represent  the
transitions occurring when 17 is decrcased steadily from

19 he initial *“‘cough™ or “chill of a lluec organ pipe arises
from the rapid traversal of this sequence of sounds as the air
pressure builds up in the pipe foot.
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a high value. The presence of hysteresis in these
transition curves is very charadteristic, and has great
musical importance, since it permits the musician to
play with a wide variation of dynamic level on either
onc of a pair of registers, while retaining the pos-
sibility of fast transition back and forth between them.
The set of regeneration frequencies that has just
been described®! is the one that is a manifestation ol
the régime normale of the jet resonator interaction.
Bouasse’s use of the adjective normale for this type of
interaction is « rellection of the musical importance of
the class of oscillation and does not carry any implica-
tion of a hicrarchical relation of the two régimes in
their interest to physicists.

To recapitulate, in the régime nermuale, the wind
velocity is high enough to ensure that all the frequencies
associated with the isolated jet-edue system, as de-
scribed i Eq. (12), are very much higher than the
pipe-resonance irequency that is being excited. Fach
pipe resonance has associated with it a regeneration
frequency that varies slightly with 17 but that keepsits
1ype over a considerable range of 17, This is in contrast
with the sounds produced in the régime buccale, which
come and go abruptly, as I is varied. The transitions
between the different régime-normal Jrequencies show a
marked hysteresis, while such behavior is not char-
acteristic® of the régime buccale.

B. Musical Consequences

The curves belonging Lo the régime normale in
Fig. 5 were plotted to show frequency as a function of
wind velocity. Before many conclusions can be drawn
concerning the musical design of a flute, it is necessary
1o deduce the relation between the playing frequency
and the pipe’s own normal-mode frequencies for fixed
wind velocity. The qualitative nature of the new relation
can be obtained upon the basis of the following observa-
tions: Figure 3 shows that for a value of ¥ that permits
cither of two plasing frequencies, the upper of these is
considerably Natler (relative to the pipe’s own natural
frequency) than is the case for the lower note. This
implies that il a pipe is steadily shortened while being
blown at constant velocity, the plaved frequency rises
somewhat Jess rapidly than does the natural frequency
of the pipe. There is also a consequence of the fact that
the () (and so also the input admittance) of a pipe
driven at the frequency of its nth normal mode is

S, AL Elder, [. Acoust. See. Am. 35, 1901(\) (1963).

AN of the phenomena deseribed al ove can he demonstrated
with a dluie (the small whistling noises that often accompany
normal playing are régime hucrale sounds produced at the low-
speed edges of the air jet), however, the head joint alone is con-
siderably easier 1o manage. .\ piceolo head joint provides an ideal
device with which 10 demonsirate: the lowest régime buccale note
is particularly loud, and the corresponding régime normale nole
starts ahout two semitones flat and rises 1o the frequency of the
huceale note only when it is played doulde forte. Bouasse’s use of
the adjective buccale does not refer 10 any connection with the
player’s mouth. but rather arises from the organ builder’s 1ermi-
nology, which calls the jet-edge system the pipe’s “mouth.”
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[Y16:. 6. Diagram of
the [requencies of
various noles of the
simplified flute (ac-
tual and desired).
The line AB is the
| desired curve for the

low register (hased
J on the fist pipe
mode). A'B’ is the
continuation of this
same line into the
second playing reg-
ister. The lines ab
and a'b’ show sche-
matically the flatten-
ing produced hy the
regeneration mecha-
nism. The line B
shows the error re-
maining in the second
register if the tone
holes are moved to
make ab coincide
with AB.

Ser‘al number of note in actave

?’.4 6 . 8 10
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equal to the admittance at this same frequency of a pipe
of the same diameter whose length is (1/u)th of the
first one, and which therefore is being driven at its
own firs/ resonance frequency.? Since the jet-edge
system at the top of the flute is *‘informed™ about the
nature of the pipe only by way of the pipe’s input
admittance, Lhe conclusion is drawn that the instrument
plays tlat an equal amount whether a given note is
playved as the lowest mode of a short pipe or as the
second mode of a long pipe* (insofar as the regeneration
syvstem is concerned). In any event, the regeneration
mechanism leads to a progressive flattening as the
playing frequency rises.

Figure 6 shows the relation between the various
frequencies of interest as a function of the serial number
of the note in the chromatic scale that starts upward
from middle C. In order to simplify the display, the
ordinate is logarithmic so that the frequencies of the
desired even-tempered scale form a  straight-line
sequence. The dashed lines AB and A’B’ represent
two such sequences of frecquencies. Consider a flute
constructed in such a manner that the resonance
frequencies of its =1 vibrational mode fall along the
line AB, while the #=2 resonances similarly fall along
the line A’B’, complete account being taken of all the
end corrections and other perturbations to the passive
svstem. If such a flute were to be played with constant
wind velocity, the scale of notes would sound tlat, with
frequencies of the sort suggested schematically in
Fig. 6 by the solid line ab for the notes in the low
register, and by the line a’b’ in the second register.
Since the zerfical distance between the lines AB and

2 This remark holds for 1the case where the dominant term in the
damping coefticient is associated with thermal and viscous losses
to the walls of the pipe, as is the case for flutes. See Ref. 11, VII-A,
for a, discussion of the analogous relation of () to mode number for
reed instruments.

#The relation between the second and third playing registers
of a flute is similar to the one just described.
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N B represents a 2:1 {requencey ratio of the logarithmic
frequency scule, it is clear not only that all the playved
notes are lat, but also that there is a shrinking of the
“oclave” relation between notes played with the same
fingering in the low and second register. Relocation of
the finger holes so as to bring one or the other register
into tune is perfectly possible, but such an operation
cannot correct both registers. The curve marked of3
in Fig. 6 shows the behavior of the second register if
the tlute were modified to bring the first register into
strict tune: the vertical distance between this curve and
that marked A’B’ is a measure of the discrepancy left
in the tuning of the second register.

C. Correction of the Discrepancies

The preceeding discussion implies that, if a flute is to
play reasonably well in tune without the need for
constant lipping of the notes by the instrumentalist, an
additional frequency-dependent length correction must
be provided, whose general behavior is such as to
compensate the flattening that arises in the regeneration
process. Instrument makers have long known em-
pirically that a small alteration in the bore cross
section will alter the frequency of all the notes that use
the perturbed bore as a part of their resonant length.
The detailed nature of the alteration depends on the
position of the perturbation relative 1o the nodes of
the stunding wave, and therefore (in the problem at
hand) upon the value of Al. A neat solution of the
octave intonation problem should be considered as one
of Theobald Boehm’s major contributions® to the
design of llutes. The old-stvle cvlindroconical flute
and the modern piccolo are provided with an analogous
method of getling acceptable intonation. These are
described in the course of the next section.

1V. HEAD-JOINT PERTURBATION
A. Requirements on the Perturbation

Ii the flute is to play in tune, the bore perturbation
must give rise to a length correction that decreases

e
%,/s.)f

M
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FrG. 7. Diagram showing the head-joint taper perturhation and
the cosine weighting functions used in Eq. (13).

.
+
+
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* Reference 1, Chap. 2.
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as the plaving frequency goes up. Furthermore, il the
scile is to be smooth across the “break™ i, if the
mtonation at the upper end of the lower register is to
be consistent with that of the lower end of the upper
register— the perturbation must lic in a part of the
bore that 1s not removed from the sounding length of
the instrument as the fingerholes are successively
opened. That is) it must lie in the general region ol the
head joint, and not lower down the instrument.

If the head joint of the flute has ils cross-sectional
arca modified by a perturbing amount S, from the
normal cross scetion Sy of the rest of the instrument, as
shown in Fig. 7, the resulting length correction Al
associated with a plaving frequency fis given® by

¥4
A= —-/ (S, °Su) cos[ (b f/e) (x+ ALY Jde. (13)
0

Formally, the length correction is the Fourier trans-
form of the perturbation. The necessity of limiting
the perturbed part of the bore to a length that is only
a fraction of a wavelength for most of the relevant
frequencies makes difficult the problem of deducing the
desired perturbation (from the error that is to be
carrected) by means of an inverse transformation.
However, the general problem has already heen solved
cmpirically by means of two classes of perturbation
to the head joint.

B. Suitable Head-Joint Perturbations

Examination of E¢. (13) shows that any perturba-
tion of finite extent that is restricted to lic in the
ncighborhood of x=:0 will have an effect whose magni-
tude is largest at low frequencies, with a sign that
depends on the sign of Sy, 1f in particular the bore is
rediced ncar x=0, the instrument will be flattened, and
in an amount that decreases as the frequency rises.
Figure 8 shows the situation for the two major types
of Nute. A cyvlinder open at both ends and a cone open
al both ends are alike in that their natural frequencies
belong to the exact harmonie series. The flute may be
based on cither one of these shapes, and a reduction of
the bore cross section at one end will have the same

( Zrﬂm HEAD CYL BCRE ’

I16. 8. Diagram showing the essential equivalence of two ways
of producing a suitable head-joint perturbation.

# Reference 8, p. 1397, Lq. (19). This expression is accurale
for a Bochm Lype cylindrical bore, and reasonably dependable
when applied Lo a conical-bore instrument ol normal propoylions.
Notice that the embouchure correction Ale enters this formula
explicitly, for reasons that become clear from examination of Fig. 7.
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16, 9. Fxperimentally determmed fractional area perturbaltions
for various flules. The beaded line A\ is the curve for Boehm's
ouwn design. Solid curve B is the average for modern flutes. Curve
C deseribes the perturbation for a Rudall Carte flute, and D is
that for a conical hore, cylindrical-head flute used by Quantz.

efiect in cither case. The lower modes are flattened
relative to the higher ones, and as a result the basic
oclave of the mstrument is stretched to compensate
for tuning ecrrors brought in by the regenerative
mechanism or by other effects.

Iigure 9 shows some of the perturbations that are
actually used in flutes of various designs. The heavy
beaded line, marked A, represenis the perturbation
chosen®® by Bochm. Curve B is the average of a dozen
modern lutes, including instruments made by Powell
and both the ITaynes brothers. These flutes generally
differ less between themselves than the discrepancy
shown hetween curves A and B. The lighter dotted lines
show the design used by Selmer (lower) and by Gemein-
hardL (upper). All of these perturbations belong to
metal instruments that are adapted to the Irench school
of tlute plaving thal is usual in the United States of
America. Curve C belongs to a Rudall Carte ebonite
ilute. This instrument works very well with the “tighter”
Germanic style of playing,* but secems to waste wind
and certainly gives a rather stretched octave when
played in the French manner. A conventional Haynes
head joint adapted to this (lute converts it into a very
sutisfactory instrument for the American player. The
modern Artley flute has a head very similar to the
Rudall Carte design, no doubt 1o preserve the intona-

26 Reference 1, p. 18,
# Reference 3, . 440, describes a method for obtaining this tone.
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I16. 10. Frequency variation of leagth correction Al produced
by three head-joint designs. C'urve A applies 1o Bochm's design,
B 1o the Rudall Carle instrument, and € shows the hehavior of
Quantz’ flute. Al =43 mn.

tion when the instrument is used by beginners, who tend
otherwise 1o play with a shrunken octave. Curve D
represents the perturbation produced by the cvlindrical
head joint working with a taper-bore instrumient. The
numbers are based on the dimensions of an instrument
made by I Boie before 1724 and used®™ by [. T.
Quantz.

C. Nature and Magnitude of the Effect due to
the Perturhation

Numerical integration of Eq. (13) with perturbations
appropriate to the Boehm, Rudall Carle, and Quantz
designs gives results for A/, as shown in Iig. 10. Curve
A belongs to the Boehm flute, while B and C belong
to the Rudall Carte and Quantz instruments. These
were all computed by use of a value of 43 mm for
the embouchure-length correction Al, that 1s close to
the normal for players of the French school using a
Bocehm design. The Quantz instrument has a value of
Al that 1s close 1o 48 mm. This large value artses from
the increased bore cross section at the embouchure hole,
which lowers the value of ji7 [as defined just before
Eqg. (8)] to very nearly 1330 c¢ps. The implication of
this increase is made apparent later on in this section.

Several things are immediately obvious. Since the
length of the perlurbation along the bore is approxi-
mately the same for all three designs, the zeros of the
length-correction function fall very nearly at the same
frequencies for all of them. Furthermore, the magnitude
of Al at any frequency is proportional to the total
area under the (S5,/So) curve for each design of flute
and, since the region under each curve of Tig. 9 is
roughly triangular, the value of the length correction
is approximately proportional to the square of the
maximum value of (5,/S5s). The decrease of Al (and

™ Reference 3, pp. 227-229. One of the present authors (AHB)
has in his possession a 19th century 6-key flute of identical hore
design.
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so the progressive sharpening of the tlute) with rising
frequency over the first two octaves is roughly linear
in all three designs. It therefore follows from the pre-
ceding sentences that the curves of Fig. 10 have
slopes that are proportional to the squared reduction in
cross-sectional area at the embouchure hole. For
Boehm'’s design, the flute is elfectively shortened by
about 2 mm for every 100-cps rise in playing frequency
up to about 1000 cps. This corresponds Lo an octave
interval stretching of about 17 cents for notes plaved
with most of the finger holes closed (near the note D),
and about twice this for notes played with nearly all
the holes open. The Rudall Carte flute and the one used
by Quantz have their octaves stretched by amounts
which are, respectively, 1.6 aud 1.7 times greater than
that given for Bochm's instrument.

The positions of finger holes required to give a scale
that is continuous across the “hreak” between the first
two registers clearly depends on the design of the head
joint. It can be shown that such a hole-positioning
scheme can only be carried out if Al decreascs in
roughly linear fashion for about two octaves.

One further change produced in the tuning of the
lower Lwo octaves by the reduction of head-joint cross
section is the following: The octave relation is altered
when the player covers more or less of the embouchure
hole with his lips, not only hecause of the frequency
dependence of the emhouchure correction Al,, but also
because of the dependence of the taper correction
on Al. Figure 11 shows the change as computed for
Boehm’s Hute. Here, Al is displayed as a function of
frequency for three values of the embouchure correction.
The beaded middle curve, for which Al is 45 mm, is
close Lo the normal one, while the olhers represent
extremes that can be obtained in playing. An increase in
the value of Al. slightlv decreases the magnitude of
Al at Jow frequencies, but, more importantly, it gives
also a stecper slope to the curve of AL vs f. This has
the result of widening the basic octave relation between
the lowesL two registers, an effect that adds to the small

FRUQUENCY {cps)— »—
1000 1200 1ap0 o0 HOG
A A A 1 L i 1 R —

200 400 @G0 a0
R S T s S g U

I'1c. 11. Eltect on the 1aper correction of varving the embouchure
correction Al., calculated for Boehm's head joint. Curve A:
Al, =35 mm. Curve B: Al =143 mm. Curve C: Al,=35 mm.
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amount of widening that is produced dircetly by the
frequency dependence of Al
The intonation of the third or high register ol the
llute depends on the head-joint perturbation in a more
complicated wayv than is the case for the lower two
registers. Iigures 10 and 11 show that, once the ire-
quency 18 higher than about 1000 cps (which corresponds
to the Cabove the treble stadl), Al ceases to sharpen the
Mute and begins to tlatten it progressively over the
next octave by increasing from about --3 to about O mm
{Bochm’s tlute). This by itself would cause the llute
to play somewhat flat, since the regenerative mechanism
continues to compress the plaving intervals relative
to the normad-mode frequeney ratios ol the pipe. How-
ever, in normal plaving the opening of vent holes
(which arce inevitably higher®® than their naively
prescribed positions at the pressure nodes) sharpens
the higher normal-mode frequencics, and o makes up
the denicit left by the head joint. I the vent hole 1s a
distance e away from the position of the node, then
the sharpening of the note can be given in terms of an
equivalent shortening of the hore by an amount Al
as given™ by the following cquation for the case of the
even-numbered higher modes such as those used in
plaving from 5 up through GZ:
A= (b ay*(1 /). (1)
Here, 6 1s the radius of the vent hole, fu¢ its elfective
length, while a 1s the radius of the bore, as before.

D. Qualitative Experiments

The qualitative nature of the alterations produced
by the head-joint corrections and their relation to the
vent hole is easily demonstrated by an analysis ol the
following simple experiments performed with o fute:
1 the low D s fingered, and the first four members
(D, D, A, Dj of the harmonic serics plaved, it will he
found that the lower three notes are in quite wccurate
tune relative to onc another, while the fourth is a
trifle flat. This may be verilied for the upper two notes
by comparing them with the siume notes played with
conventional fingering. [f o similar experiment is
carricd out by use of the fingering for I') only the first
three members of the sequence (19, 19, €, I7) will be
found to he in reasonable tune. The high 17 1s, in this
experiment, quite flat. One further experiment s
needed to complete the series. Only the lower two noles
of the harmonic series (I35, B), 1) based on the hnger-

2 Already in the lower two registers, the use of (inite-sized
tone holes gives rise Lo an end covrection that requices them to
he placed closer by amount A/, 1o the embouchure hole (han the
position of the nominal open pipe end helonging 1o the note in
question; see Ref. 8, See. V-C. The presence of closed finger holes
above the vent requires a shifting of the hole position Ly a Turther
amount Al, that is given approximatey by Eq. (71 of Rel. 8. The
numerator of this equation should read [1—(z/¢)] and not
r=[l=G/e)].
# Reference 41a), Vol 2, p. 137.
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ing Tor B will be in good tune, and once again the
highest note 1s flidt.

The interpretation of these experiments is us follows:
As shown in Iig. 10, the head-joint taper produces a
sharpening ellect on high notes only up to about 1000
cps Tor a Bochm flute. Those members of @ harmonic
series that have their fundamental [requencies below
this value will be in tune, because the progressive
sharpening produced by the head joint is able to over-
come the Ilattening associated with the regeneration
mechanism. Notes that are higher than this limit will
not be corrected by the head joint, and so will be flat
unless helped by the presence of o vent hole. In all
the experiments, nonvented notes higher than C
(1030 ¢ps) are llat in an amount that increases with
their distance above C.

[izure 11 shows that altering AL, by covering more
or less of the embouchure hole shifts the frequency at
which the head joint ceases to correct the regenerative
Mattening. Playing the fute as tlat as is comfortably
possible (so thal Al is about 553 mm) shifts this critical
frequency down Trom the Cnear 1000 ¢ps to the B near
900 cps. At first sight, it would appear that a repetition
of experiments similar to those described above would
serve to demonstrate this shift. The earlier phenomena
apparently would be reproduced if the test notes were
all shifted down a semitone so as to relate them correctly
to the lowered critical frequency. This transposition
would have to be done by pulling out the slide enough
that the tlattening produced by this means plus that
produced by the increase in A, would lower the
frequency of the notes the desired amount. Experiment
does indeed verify the lowered frequency at which the
head-joinl compensation ceases, but it proves not to be
meaningful to use the normal vented fingerings as a
way of producing the reference frequencies. Lowering
the frequency by pulling the slide and covering the
embouchure hole has the ellect of placing the vents
relatively closer to the nodal positions than they are in
normal use. As a result, the reference notes are them-
selves lat because of undercompensation, thus reducing
the apparent discrepancy between the vented and
unvented notes. Furthermore, under the conditions
of this experiment A/, itself would decrease as the
[requency rises, and so would sharpen the upper note
relative Lo the low ones regardless of the fingering that
1s used to play them.

V. COMPARISONS OF DIFFERENT BORE DESIGNS

The Bochm design of bore, having a tapered head
joint and cylindrical body, dominates contemporary
practice in the making of tlutes; however, the older
design, which uses a cyvlindrical head on a tapered bore,
still persists in the modern piceolo. Completely eylindri-
cal fTutes and lifes are also possible and are in common
use in many parts of the world. Because of the varia-
tion among the acoustical properties of these threc
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designs, it is of considerable interest to compare them
with one another, with the Boehm pattern as a standard.

A. Cylindrical-Head, Conical-Bore Flute

As has alreadv been shown in Figs. 8 and 10, a
cvlindrical head on a conical flute provides a contraction
of the original bore of a sort that flattens the lower
playing frequencies more than the higher ones. Standard
practice for flutes of this sort (Quantz’ instrument) gives
a fractional change (S,/Sy) in cross section at the
embouchure hole of about 0.21 as against 0.16 for the
Bochm flute (see Lig. 9). As a result, the stretching of
the first-octave interval is (0.21 0.16)*=1.7 times larger
than that of the Boehm flute, as has already heen
pointed out in Sec. IV-C. The question immediately
arises as to whether such a design should not lead 1o
an excessively wide first octave. The answer is in the
negative for (lutes using the small finger holes that were
a normal part of the old design. 1f, however, the flute
is pulled apart at the middle joint, so that the tube is
terminated in an open end instead of a row of tinger
holes, the oclave fingered as G, G, does become quite
wide.

For frequencies above 1000 c¢ps, the head joint by
itself would permit a relatively flat third register.
However, the high position of the small finger holes
places the third-register vent holes far above the
pressure nodes that thev are supposed Lo encourage.
Equation (14) shows that these third-register notes
would then be pulled very high. The “rational” scheme
for venting, which calls for opening the fifth hole
above the note to be playved (as on the Boehm {lute),
gives notes that are hopelessly sharp on most old-style
instruments, so that hybrid fingerings are normally
used.

The foregoing discussion implies the possibility of
designing a well-tuned, rationally vented Hute by use
of the Quantz type of bore, simply by enlarging the
tone holes enough that they can be moved down to the
point where they sharpen the third-register notes only
the correct amounts. It would appear that the conical-
bore Boechm-system flute? of 1840 was designed to
meet these requirements.

Another feature of the cylindrical head used with a
conical body is worth mentioning: IFFigure 8 makes it
clear that pulling out the head-joint slide not onlv
increases the perturbed length of the bore but also
the magnitude of (S,/Sv), causing a further steepening
of the slope and at the same time an additional flatten-
ing of the low notes beyond the amount expected from
a simple lengthening of the instrument. The increased
steepness of the Al, curve gives rise to an octave-
stretching that grows rapidly as the slide is pulled

% Ref. 1, Chap. 1, Fig. 6. The instrument is No. 409 in the
Daxton C. Miller Collection Checklist compiled by Laura E. Gilliam
and William Lichtenwanger of the Library of Congress, Washing-
ton, . C.
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out. On any such flute, there is a slide position that
gives the best octaves in practice, a position that may
not coincide with the positions that give optimum
consistency of intonation or best over-all ahsolute
frequency. A workable compromise is possible in many
cases, however, since the cork can also be moved to
adjust the intonation. Figure 3 cshows that moving the
cork a few millimeters either way produces a negligible
change in tuning at the bottom of the flute’s range
(near 300 cps). The higher notes can be altered quite
considerably through the direct effect of Al (Fig. 3)
and through its indirect efiect on Al, (Fig. 11), as
explained in Sec. IV-C. These Lwo alterations act on the
frequency in opposite directions, with the indirect one
dominant in the lower two registers (below 1000 cps)
while the direct one dominates in the third register.
Thus, the slide should be used to tune a low note to the
desired absolute frequency, after which the cork
provides a means for adjusting® a high note.

B. Completely Cylindrical Flute

The completely cylindrical flute must meet design
criteria that are somewhat different from those for
instruments possessing a constricted head joint. The
contracted octave relation between the lower two
registers (produced by the edgetone mechanism and
possibly by small finger holes}) must now be fully
counteracted by a progressively decreasing magnitude
of the embouchure length correction Al.. As has already
been pointed out, the Boehm design of flute has a very
nearly constant value near 42 mm for Al, and a taper
correction that decreases with rising frequency at the
rate of about 2 mm/100 cps (over the range of the
lower two registers). A similar sharpening mav be
obtained from the embouchure correction alone, if the
reference Helmholtz resonator frequency fi; is lowered
slightly below the normal for cylindrical-head conical
Hutes to about 1300 cps, and if the cork is also moved
as close as possible to embouchure hole (see Fig. 3). The
low value of ji7 can easily be achieved if one makes the
embhouchure hole a few percent smaller than the normal
size, by using a higher riser, by undercutting it less,
or by covering a normal-sized hole further than usual
with the lips.

The foregoing choice of the embouchure-hole di-
mensions and cork position will give satisfactory intona-
tion in the two lower registers, bul the third register
will be somewhat sharp if the Boehm scheme of venting
is used (unless the holes are extremely large). However,
the large value of A/, makes this tvpe of instrument
considerably more sensitive than Boehm’s to the
plaver’s lip position, so that in practice it is not difficult
to control the tuning.

3 Relerence 3, p. 136, gives a rule of thumb that approximates
this procedure. He does not state explicitly that the procedure is
propetly applied only to the conical flutes with cvlindricat heads.
The Boehm flute does not have its hasic octave intervals upset hy
orcinary shiftings of the slide.
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VI. RECAPITULATION

The results of the present nvestigation into the
acoustical nature of the lute head joint are recapitulated
here to give a succinet summary of @ somewhat ex-
tended account.

1t has been shown that to a good approximation the
endcorrection arising at the upper end of the llute owing
to the cork-to embouchure cavity is very nearly
constant at 42 mm in the normal plaving on the Bochm
Hute. Resonances in the plaver’s mouth cavity produce
a sharpening of a few percent of a semitone, but only
at frequencies above a eritical value near the resonance
frequency.

1t is inherent in the nature of the edgetone regenera-
tion mechanism that produces the flute tone that the
upper modes are excited at a frequency that is ilat
relative to the lower ones. Analysis shows that it is the
function of the contracted bore in the head joint to
correct this discrepancy over the first (wo octaves of
the tlute’s range. This contraction can be cither as a
conoidal contraction at the upper end of the tlute
(as is the case in Boehm’s design) or as a cxlindrical
section that serves as an ellective contraction of an
otherwise conical bore (as in the case of the older style
of Hute). The work of correction in the third octave of
the Nute’s range is given 1o the vent holes used in
fimeering these notes. The nature of the requirements on
hole size laid down by the necessity for this correction
has been described bricly.

Finally, the analyvtical results described above are
applied in the course of a description of the structure
and musical properties of the two major styles of
flute-bore design that were referred to in the preceding
paragraph. Tt is also shown that under certain special
circumstances a completelv evlindrical bore can be
made to give acceptable intonation.
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