
PAPERS BY JOHN W. COLTMAN ON MUSICAL ACOUSTICS 

1.01 "Vibration of Stretched Wires" with R. S. Shankland 
Journal of the Franklin Institute, September 1937 
Reprinted in the book "Musical Acoustics" Kent 1977 

1.02 "Resonance and Sounding Frequencies of the Flute" 
J. Acoust Soc. Am. (40) No. 1 pp 99-107, July 1966 

1.03 "Sounding Mechanism of the Flute and Organ Pipe" 
J. Acoust. Soc. Am. (44) No. 4 pp 983-992, October 1968 
Reprinted in the book "Musical Acoustics" Kent 1977 

1.04 "Acoustics of the Flute" 
Physics Today, Vol. 21, No. 11 p 25-32, Nov 1968 
Reprinted in the book "Physics of Music" 1988 
Included in Physics Teachers CD-ROM Toolkit, 1993 

1.05 "Sound Radiation from the Mouth of an Organ Pipe" 
J. Acoust. Soc. Am. (46) No. 2 part 2, 477, Aug. 1969 

1.06"Effect of Material on Flute Tone Quality" J. Acoust. Soc. 
Am. Vol. 49 No. 2, part 2, pp 520-523, 1971 

1.07 "Acoustics of the Flute", Parts I and II, The 
Instrumentalist Vol XXIV, No. 6, 7. Jan., Feb.1972 

1.08 "Material Used in Flute Construction" 
Woodwind World Vol.12 No. 1 February 1973 pp 20-21 

1.09 "Mouth Resonance Effects in the Flute", 
J. Acoust. SOC. Am. (54) p. 417 ff (1973) 
Reprinted in the book "Musical Acoustics" Kent 1977 

1.10 "The Intonation of Antique and Modern Flutes", Parts 1-4 
The Instrumentalist, Vol. XXIX, No. 5, December 1974, 
January, February and March, 1975 

1.11 "Fifty Flutists Play One Flute" Woodwind World, March 1976 

1.12 "Flute Scales, Pitch and Intonation" The Instrumentalist 
May 1976 

1.13 "Jet Drive Mechanisms in Edge Tones and Organ Pipes" 
J. Acoust. Soc. Am. (60) No. 3, September 1976 

1.14 "A New C# for the Boehm Flute" The Instrumentalist, May 
1977 



I 

1.15 "Tuning Wind Instruments" Booklet produced for distribution 
in schools by C. G. Conn, Ltd, Oak Brook, Illinois. 
Revised and enlarged by John W. Coltman , 1977. 12 Pages. 

1.16 "Acoustical Analysis of the Boehm Flute" J. Acoust. Soc. 
Am. Vol. 65 No. 2 pp 499-506, February 1979 

1.17 Book Review "Musical Acoustics: Piano and wind" : Earle L. 
Kent, Ed., Journal of the American Musical Instrument 
Society, Vol. V-VI 1979-80 p 200 

1.18 "Momentum Transfer in Jet Excitation of Flute-like 
Instruments" 
J. Acoust. Soc. Am. Vol. 69 No. 4, pp. 1164-1168 (1981) 

1.19 Book Review "The Practical Acoustics of Early Woodwinds" 
Herbert Myers and "La Flute Traversier a Une Clef" M. 
Castellengo et al, Journal of the American Musical 
Instrument Society, Vol. VIII 1982 p 105 

1.20 "Theobald Boehm and the Scale of the Modern Flute" Journal 
of the American Musical Society, Vol. IX pp 89-111 1983 

1.21 "Enhanced Sound Power from a Recurved Flute" J. Acoust. 
SOC. Am 75 (5) pp 1642-43, May 1984 

1.22 "Observations on the High E", The Flutist Quarterly 
(National Flute Assn.), Vol X No. 2, Winter 1984 

1.23 "Some Flute Myths as seen by a Scientist" 
The Flute Forum, Elkhart, Indiana, Summer 1885 

1.24 "Role of the Headjoint in Flute Intonation" 
Flute Notes (London) 1985 

1.25 Book Review, Victor Charles Mahillon. "Elements 
D'Acoustique Musicale et Instrumental11 Jnl Amer. Musical 
Instrument Society, Vol. XI p.179-182, 1985 

1.26 "Questions and Answers on Flute Acoustics" 
The Flutist Quarterly, National Flute Association 
1.26a Vol XIV No. 2, Spring 1989 p.72 
1.26b Vol XIV No. 5, Winter 1989 p.63 
1.26c Vol XV No. 3, Summer 1990 p.48 

1.27 "Mode Stretching and Harmonic Generation in the Flute" 
J. Acoust. Soc. Am. 88(5), November, 1990 



1.28 "Some Observations on the Piccolo" 
The Flutist Quarterly, National Flute Association 
Vol XV No. 5. Winter 1990 

1.2 9 "Time Domain Simulation of the Flute" 
J. Acoust. Soc. Am. 92(1), pp. 69-73, July 1992 

1.3 0 "Jet Behavior in the Flute" 
J. Acoust. Soc. Am 92(1) pp. 74-83 July, 1992 

1.31 "Headjoint Acoustics - A Comparison" 
The Woodwind Quarterly, Issue 1, May 1993 pp 8-13 

1.32 "Acoustical losses in the Boehm Flute" The Flutist 
Quarterly, XIX, No. 1, Fall 1933 pp 37-41 

1.33 "Charles "Teach'em" Howe and the Howe Model Flute" 
Newsletter of the American Musical Instrument Society, 
Vol.XXII, No. 3, October, 1993 

1.34 Book Review, Owen H. Jorgensen. "Tuning: Containing the 
Perfection of 18th Century Temperament..." Jnl Amer. 
Musical Instrument Society, Vol. XIX 1993 pp. 105-109 

1.35 "Designing the Scale of the Boehm Flute", Woodwind 
Quarterly Issue 4, February, 1994. pp 24 -41 

1.3 6 "Acoustical Losses of Bassoon Pads" (with James Parker) 
The Double Reed (Journal of the International Double Reed 
Society) Winter 1994, pp 43-45. 

1.37 "Just Noticeable Differences in Timbre of the Flute" CAS 
Journal Vol. 3 No. 1 (Series II) May 1996. 

1.3 8 "The Influence of Mode Spacing on the Sound of Early 
Flutes" The Woodwind Quarterly Issue 13, Fall 1996 



I p\ 

T H E  J O U R N A L  
OF THE 

ACOUSTICAL SOCIETY OF AMERICA 

Volume 10 • Number 3 

JANUARY •  1939  

The Departure of the Overtones of a Vibrating Wire From a True Harmonic Series 

R. S. SHANKLAND AND J. W. COLTMAN 
Case School of Applied Science, Cleveland, Ohio 

(Received July 23, 1938) 

INTRODUCTION 

THE vibration frequencies of stretched wires 
and strings are subject to several disturbing 

factors, but it has been found that in the strings 
of musical instruments the stiffness and ampli
tude of vibration produce the largest effects. 
These have been studied with a specially designed 
monochord and electrical circuits arranged for 
measuring the changes in frequency due to the 
amplitude of vibration, and due to stiffness when 
the wires are supported by bridges. Experiments 
with large amplitudes of vibration have been 
compared with theoretical deductions made by 
the method of perturbations. The comparison of 
theory and experiment gives a method of deter
mining a bridge parameter which may be corre-
latedx with the several types of bridge supports 
used in musical instruments. Vibrations of very 
small amplitude may be studied with the appa
ratus and have been measured to determine the 
effects of stiffness when the string is terminated 
by bridges. The results show that the effects are 
intermediate between the two limiting cases that 
admit of a rigorous solution: that of a clamped 
end; and an end with no restoring couple. This 
is not in accord with the supposition advanced 
by Rayleigh1 and others that a wire stretched 

over bridges is closely represented by the second 
condition. The combined influence of amplitude 
and stiffness on the observed departure from a 
true harmonic series of the overtones of stringed 
instruments is considered. These effects are of 
greatest interest in instruments such as the piano 
in which the vibrations are free and therefore the 
several allowed frequencies may exist simul
taneously. 

THEORETICAL CONSIDERATIONS 

The frequencies of vibration of a stretched wire 
string, when the amplitude of vibration is finite 
and the stiffness is appreciable, cannot be calcu
lated rigorously by direct methods. The charac
teristics of the motion with finite amplitude and 
bridge supports, however, can be determined by 
the use of normal functions as first outlined by 
Rayleigh2 for the related cases of a vibrating 
string with variable density, and for the lateral 
vibrations of bars with variable flexural rigidity. 
The amplitude of motion causes a variation in 
tension which is a function of time, distance 
along the string, and the nature of the bridge 
support. This variation in tension is treated as a 
perturbation affecting the ideal vibration of the 

Lord Rayleigh, Theory of Sound, Vol. I, Sec. 189. 
2 Lord Rayleigh, Theory of Sound, Vol. I, Sec. 141, 142, 

187. 
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string, and its effects on frequency are computed. 
The amplitudes here considered are those com
monly met with in musical instruments so that 
the usual approximation concerning curvature of 
the string at a point permits the motion of a 
string with variable tension to be expressed by 
the equation, 

a 

dx 

dy \  d 2 y  
(Y-) 
\  d x /  dt 2  

(1) 

where p is the linear density of the wire, here 
assumed constant, and T is the tension. The 
solutions of Eq. (1) for the case of constant 
tension are linear combinations of 

Jn 
nirx  

sin exp (2 ir iu u ° t )  

for the condition of zero displacement at the 
bridges. Here I is the distance between bridges, 
vn° is the frequency of vibration, and n is the 
overtone number. 

The solution of Eq. (1) with variable T(x, t )  
is made by means of these zero-order solutions. 
Only periodic solutions giving the normal modes 
of vibration are considered. These may be repre
sented by yn = un(x) exp (2irivj). A substitution 
of yn in (1) gives, 

d 

dx 

dun\ 
T J -^^-K^pVnUn — 0. 

dx /  
(2 )  

v n  is the frequency of vibration when the ampli
tude is finite and un{x) are the functions giving 
the shape of the string in this case. The functions 
un can be represented between the limits x = 0 
and x = l by a series of normal functions made up 
of the solutions for the ideal case. 

Un Cmn s in  
rnirx  

I 
(3) 

A substitution of (3) in (2) and simplification by 
means of the orthogonality condition yields the 
frequencies of the normal modes of vibration, 

w / ^ \ * r  1  r l  n i r x  d T  
„  =  - ( - )  1  s i n  

21\  p /  .  irnl  Jo  I dx  

nirx  
X cos dx -f-

l  
(4) 

The value of dT/dx must be known to evaluate 
Eq. (4). 

When the amplitude of vibration is finite, the 
tension in the string will be a function both of 
* and t because of the constraints at the bridges 
on the motion of the ends of the wire, and 
because of the fact that in its transverse motion 
an element of the string moves nearly normally 
to the line joining the bridges. The instantaneous 
variation in tension at a point of the string due 
to the latter effect will be 

AT=^r 2 Y(dy/dxy,  

where r  is the radius of the wire, Y is the Young's 
elastic modulus, and AT = 0 when the string is 

straight. If Ts  is the tension in the vibrating 
string when at all points y = 0, and T0 is the ap
pl ied tension,  then T = T s - \ -ATand T 0  = T S +AT 0 .  

For the nth overtone of the wire vibrating with 
a m p l i t u d e  A n ,  

T = T 0  — ^[sin2 2irv n to  — sin2 2Trvnt~\ 

X 
/W7j \4 n \ 2  mrx~ ( 71 TV A  n\  
—) cos 

/ 

Since the integration in (4) is with respect to 
the factors involving t in the above expression 
may be replaced by time averages giving, 

/n irA n \  2  

T=T a - \Cirr*Yy-  ^ ) nirx  
cos^ 

I  
(5) 

where C = sin2 2iru n to  — therefore 
T h e  v a l u e  o f  C =  0  w o u l d  m e a n  t h a t  T = T 0  

throughout the cycle of the string's vibration. 
This would require complete freedom of motion 
of the wire over the bridges and also that the 
stretching mechanism be a perfect spring having 
no inertial lag. The limiting value of C=| would 
indicate that the greatest tension is realized 
when the string has its maximum displacement. 
Negative values of C will result when the tension 
is T0 near the equilibrium line. In general the 

tension To will be realized at some value short 
of the maximum displacement giving C a positive 
value. A typical set of data obtained with the 
special monochord discussed below yields the 
value of C = 0.27. When (5) is substituted in (4) 
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and integrated the result is, 

-iOV 

7r3r2Y»2C 

8 l2T 
-A n 2+ (6) 

Eq. (6) shows that the frequency changes due to 
finite amplitude of vibration will be diminished 
by using small diameter, long wires under high 
tension, and by the use of bridge supports 
giving C a small value. 

The analysis given above is for an ideally 
flexible string. When a string with finite stiffness 
is employed, the vibrations will be still further 
modified. The differential equation for the 
string's motion must now contain a term in
volving the stiffness. When this is included, 
Eq. (2) is changed to, 

d /  dun \  irr*Y d*un  

Air2pvn
2un  = 0. (2a) 

dx\ dx / 4 dx4  

There are two limiting cases. In the first, the 
string is clamped giving y = 0, and dy/dx — 0 at 
the ends. In the second situation the bending 
moment due to stiffness vanishes at the bridges 
giving y = 0, and d2y/dx2  = 0 at the supports. 
Neither set of boundary conditions represents 
accurately the true behavior at a bridge. The 
solution of Eq. (2a) has been given for both 
sets of boundary conditions by Rayleigh.3 The 
results giving the frequencies of the normal 
modes of vibration are: For the condition y = 0 
and d2y/dx2  = 0 at ends, 

n  /  T\  1  f  wW4  Y 

it) L 1+^F+  
(7) 

n /  T\  i f  r2  /7TY\ '  

-«(T) .1+t(T) 

+(4+T 

w27T2\ Tr4 Y 

) 
ATI2  

(8) 

for the end conditions that y = 0 and dy/dx= 0. 
Since the constraints introduced by the bridges 
are intermediate between the extremes, it is 
expected that the correction terms due to rigidity 
will be intermediate between the values given in 
(7) and (8). However, the ratios of the allowed 
frequencies for a string of constant length will be 
very nearly the same from either equation. 

EXPERIMENTAL METHODS 

Figure 1 is a schematic diagram of the appa
ratus used to maintain the vibrations of the wire, 
and the circuits for determining its frequency 
both with the cathode-ray oscillograph and the 
thyratron scale-of-sixteen circuit used with a 
standard pendulum. The vibrating string com
municates a small longitudinal vibration over the 
insulated bridge B to the end post P, from 
which the string is electrically insulated. This 
part is rigidly attached to one side of a carbon 
button M. The other terminal of the carbon 
button is fixed to a large mass W mounted on a 
soft rubber insulating support. This provides a 
mechanical system in which the motions of W 

and P are out of phase. The changes in resistance 
produced in the carbon button are of twice the 
frequency of the string's vibration. The charac
teristics of vibrations maintained by forces of 
double frequency have been discussed by Ray
leigh.4 The impulses are amplified and fed back 
into the string through a stepdown transformer 
T of large turn ratio used to approximate a 
matching of impedances. A small magnet II  

produces an intense local field and the motor 
action of the current in the wire causes it to 
vibrate. The periodic force of double frequency 
will aid the motion at both extremes while the 
impulses given while passing through the y = 0 
configuration are very small due to the large 
back e.m.f. and are of both signs, thus producing 

3 Lord Rayleigh, Theory of  Sound, Vol. I, pp. 297-301. 
4 Lord Rayleigh, Scienti f ic  Papers,  Vol. II, pp. 188-193; 

Vol. Ill, pp. 1-14. 
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no cumulative effect. This type of regenerative 
circuit insures that the string will vibrate with 
its own natural frequency. Both magnetic and 
nonmagnetic wires may be employed. The vibra
tions are free vibrations, in which the positive 
and negative damping are equal. These self-
excited vibrations may be studied with such 
small amplitudes that not the slightest vibration 
is visible. This would be impossible if a resonance 
arrangement were used, since such a method 

9200 

9100 

n 

9000 

8900 

8822 
8800 

.02 .04 .06 | .08 .10 .12 .14 

FIG. 2. 

would have rather broad tuning and would 
require amplitudes of vibration that would make 
a precise determination of frequency impossible. 

Any allowed frequency of vibration can be 
selected by adjusting the position of the magnet 
along the length of the wire. Several overtones 
can be made to vibrate simultaneously, but for 
the quantitative studies reported below, each 
normal mode of vibration was investigated 
separately. In some cases a filter to eliminate the 
overtones is found helpful in causing the funda
mental alone to appear. The amplitude of 
vibration is regulated by the gain in the carbon-
button-pick-up and by means of the attenuation 
network shown in Fig. 1. The attenuation box is 
placed in the position shown to avoid overloading 
the amplifier. The output of the amplifier is 
adequate to operate the measuring circuits even 
when the vibration amplitude is too small to be 
seen. 

The absolute value of the frequency of vibra
tion is determined by means of a thyratron 
scale-of-sixteen circuit which operates a Cenco 

N  D  J  .  W .  C O I . T M A N  

impulse recorder. A rectifier R in the input 
permits only positive impulses to reach the 
dividing circuit, which is necessary for its 
normal operation. Frequencies up to 1900 a 
second can be measured by this method. The 
circuit is switched on for sixteen-second intervals 
by a rotating commutator 5 operated by a 
standard pendulum designed by J. G. Albright.5 

The precision of the sixteen-second interval is 
determined by comparison with a standard 
Reifler clock by means of a chronograph. 

Changes in frequency due to varying ampli
tudes of vibration, and the relative frequencies of 
the fundamental and overtones for a fixed length 
of wire can be determined by means of a cathode-
ray oscillograph used with external synchroniza
tion. Any frequency near a multiple of the 
synchronization frequency can be measured by 
observing the beat frequency of the pattern on 
the cathode-ray tube. The general measurement 
procedure is to determine certain selected fre
quencies with the dividing circuit, then to com
pare the other frequencies with these by means 
of the cathode-ray oscillograph. The vibration 
amplitude is determined by direct observation 
for moderately large amplitudes and the small 
amplitudes are extrapolated by means of the 
calibrated attenuation network. 

INTERPRETATION OF EXPERIMENTAL DATA 

The variation of frequency with amplitude of 
vibration was studied with a brass wire 0.046 
centimeter in diameter, supported between 
bridges spaced 41.65 centimeters apart and under 
a static tension of 4546 grams. The experimental 
values of the wire vibrating in its fundamental 
mode are given accurately by the equation 
v\ — vi°— 13.5^412 of the form of Eq. (6). A com
parison of the constant 13.5 with the coefficient 
given by the theory yields a value for the bridge 
parameter of C = 0.27 which shows that the 
tension passes through the value when the 
displacement is 88 percent of the amplitude of 
vibration. The effects due to stiffness alone are 
minimized in these experiments by observing 
vibrations that are large enough to make the 
perturbations due to amplitude predominate. 
A detailed description of the influence of bridge 

5 J. G. Albright, U. S. Patent No. 1,962,378. 
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supports on the vibrations of a wire can be 
obtained by determining C for a variety of 
conditions—changing length, diameter, overtone, 
tension and material of the wire, and the smooth
ness of the bridges. 

Further insight into the boundary conditions 
at the bridges can be obtained by working with 
amplitudes so small that the stiffness is the 
predominant factor in changing the frequency. 
When A <0.04 centimeter for the case just 
discussed, this condition will be fulfilled. Vibra
tions of even smaller amplitudes than this can 
easily be sustained by a suitable adjustment of 
the attenuation network. The vibrations are 
then not clearly visible to the eye but may be 
readily studied on the cathode-ray tube when 
the internal amplification of that instrument is 
employed. Under these conditions the length I, 
overtone n, tension To, were separately varied 
for several different wires. The results obtained 
with the brass wire described above, showing the 
dependence of frequency upon length, are shown 
in Fig. 2 for the fundamental, and in Fig. 3 for 
the octave. The abscissae are 1 // and the ordi-
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FIG. 3. 

nates are v j / n .  An ideally flexible string would 
vibrate with frequencies giving points lying on 
the horizontal line shown in both of these figures. 
In each figure, however, the observed points 
steadily depart from this straight line as the 
wire is shortened due to the stiffness of the wire. 
The lower smooth curve is computed from Eq. 
(7). This curve falls below the experimental 
points which show several times the deviation 
from the ideal case. The upper smooth curves in 

Figs. 2 and 3 are computed from Eq. (8). These 
curves are above the experimental points giving 
values for the deviation from the ideal case of 
more than twice those actually found. These 
results show that the frequencies are inter
mediate between those predicted by the two 
limiting cases. It has generally been assumed,1 

however, that the boundary conditions with 
bridges are nearly those leading to Eq. (7). 

Data similar to those shown in Fig. 2 have 
been taken for several other brass and steel 
wires.6 In every case the experimental points are 
intermediate between the values calculated from 
Eqs. (7) and (8), respectively. Agreement be
tween theory and experiment can be achieved by 
u s i n g  E q .  ( 8 )  w i t h  a n  e m p i r i c a l  c o n s t a n t  1  > B > 0  
before the second term (r2/l)(irY/T)K The value 
of B decreases as the length of the wire increases; 
it is greater for wires under higher tension; and 
is less for wires of small radius. For a brass wire 
of radius 0.0355 centimeter under a tension of 
4546 grams the average value of B is about 0.35 ; 
while with a tension of 8432 grams, B rises to 
about 0.50. A steel wire 0.0519 centimeter in 
radius stretched with a force of 8432 grams gives 
5 = 0.6 or more; while a small steel wire, 
r = 0.0154 centimeter with T = 4546 grams shows 
B only 0.1 or less. A relation J5 = const. Tr/l is 
found to hold to a first approximation. The very 
sharp decrease in the value of B for small wires 
is perhaps related to the variation of Young's 
modulus Y with the diameter of the wire.7 

The effect of the stiffness of the wire also can 
be shown by measuring the frequencies of the 
normal modes of vibration with a fixed length of 
wire. The ratio of the allowed frequencies for a 
fixed length of wire under constant tension can be 
obtained by manipulation of Eqs. (6), (7) and 
(8) giving, 

V \  

2 r 4 V  

1 
8/27' 

C  
( n 2 - l ) + - ( A 1

2 - n 2 A n
2 )  (9) 

Fig. 4 gives the results of measurements with 
very small amplitudes for three lengths of the 
0.046-centimeter diameter brass wire under a 
tension of 4546 grams. The overtones are sharp 

6 J. W. Coltman, Thesis, Case School of Applied Science, 
1937. 

7 T. F. Wall, Nature 141, 751 (1938). 
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with respect to the fundamental, and the varia
tion is that given by (9) when the vibration 
amplitudes are small. Fig. 5, gives the results 
with the same wire and tension, when the ampli
tudes of vibration are sufficient to give easily 
audible sounds. The solid curve of Fig. 5 is 
a plot corresponding to the vibration ampli
tudes : A i = 0.55 centimeter, A2 = 0.2\ centimeter, 
^3 = 0.11 centimeter, ^4 = 0.08 centimeter and 
.<4 c = 0.01 centimeter, respectively. The upper 
dashed curve is computed for negligible ampli
tudes. 

In these experiments only one normal mode of 
vibration was studied at a time, but the string 
could also be made to vibrate with several 
allowed frequencies by properly placing the mag
net. In such cases the incommensurate relation
ship between the frequencies is visible on the 
cathode-ray tube or by direct observation of the 
wire, where the beats can be clearly seen. 

A vibration sustained by a single periodic 
driving force can have only harmonic overtones 
in the steady-state, but in free vibrations all the 
normal modes may exist simultaneously and the 
resulting sound may have overtones which de
part from a true harmonic series. Such sounds 
are to be expected from the piano, harp and 
instruments of this kind. A study of a very 
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complete set of phonodeik records of piano 
tones made by D. C. Miller8 shows that in many 
cases the overtones are inharmonic in agreement 
with the experiments described above and also 
with the data on piano tuning taken by Rails-
back9 and others. 

The vibrations of a bowed string are classed 
as self-excited vibrations.10 The action of the 
bow is to supply energy to the string at a con
stant average rate by frictional contact, which is 
equivalent to negative damping. There is nothing 
periodic in this process, and the string's fre
quency is governed by its tension, mass and 
length; so the motion is essentially a free 
vibration11 and the effects due to stiffness and 
amplitude should be comparable with the results 
obtained in the present experiments. This will, 
of course, be strictly true when the instrument is 
played pizzicato. It is probable that the tone 
quality of instruments such as the piano, violin, 
harp, etc., is due not only to the relative in
tensities of the overtones, but to the small, con
stantly shifting, phase relationship which exists 
between them because of their departure from a 
true harmonic series. 

8 D. C. Miller, Unpublished Studies of Piano Strings. 
9 O. L. Railsback, J. Acous. Soc. Am. 10, 86 (1938). 
10 Den Hartog, Mechanical Vibrations, Chap. VII, p. 288. 
11 Sir James Jeans, Science and Music (Cambridge, 1937), 

p. 100; Barton, Text Book of Sound, p. 347 
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Resonance and Sounding Frequencies of the Flute 

JOHN W. COLTMAN* 

3319 Scalhelockc Road, Pittsburgh, Pennsylvania 15235 

The passive resonance frequencies of the flute were measured with high precision and compared with the 
frequencies obtained by blowing. The differences, which vary from +20 to —25 cents over the scale, are 
wholly accounted for by air temperature and composition and by variation of coverage of the mouth hole. No 
frequency pulling due to the blowing mechanism was observed. Measurements of frequency and radiated 
power using an artificial blowing mechanism provide an explanation for the variations in lip configuration 
observed in photographs. The tapered head joint provides a partial compensation for lip-coverage variation, 
but irregularities in the resonant column give marked departures from calculated frequencies based on a 
smooth tube. 

INTRODUCTION 

A MUSICAL instrument such as the flute is de
signed to produce, when played by a reasonably 

skilled performer, a close approximation to an equal-
tempered scale. The instrument should maintain this 
capability, without undue manipulation by the per
former, over a range of a few octaves, and at the same 
time satisfy other more subtle requirements relating 
to tone quality, loudness, and ease of execution. The 
design of such instruments has proceeded largely by an 
empirical process, and detailed theoretical treatment 
of the mechanisms that operate to affect the nature of 
the resulting sounds have generally been sparse. 

Benade and French1 have presented an extensive 
analysis of the flute head joint and the expected effect 
of its design on the intonation of the instrument. Their 
work is primarily analytical and there is in the litera
ture little quantitative data on the exact behavior of 
the flute, or, more accurately, the behavior of the flute-
and-flutist, with which to compare their results. The 
present experimental work was undertaken partly to 
check the validity of some of the assumptions that 
Benade and French made, but, more specifically, to 
clarify the relationship between the natural passive 
resonance frequencies of the flute and the frequency of 
the sound produced when set into vibration by blowing. 
The results indicate that the blowing mechanism itself is 
not a factor in necessitating a tapered head joint, in 

* This work was carried out privately. The author is at the 
Westinghouse Res. Labs., Pittsburgh, Pa. 15235. 

1 A. H. Benade and J. W. French, "Analysis of the Flute Head 
Joint," J. Acoust. Soc. Am. 37, 679-691 (1965). 

contradiction to the reason given for it by Benade and 
French. The changes in configuration of the player's 
lips as the scale is ascended turn out to play a major part 
in determining the frequency produced, and it appears 
that no detailed analysis of the passive flute resonances 
can be very useful unless account is taken of these 
effects, which are described in some detail below. 

I. EXPERIMENTAL ARRANGEMENT 

Measurements were carried out by means of a 
specially built condenser microphone with a self-
contained transistor amplifier inserted into the head 
joint of the flute2 in place of the usual stopper. The 
compliance of the microphone was equivalent to only 
a fraction of a millimeter of air column, so the micro
phone face acted essentially like the rigid stopper and 
was placed in its usual position. This placement of the 
microphone has several advantages. First, it is fixed in 
relationship to the instrument and gives repeatable 
sound-pressure measurements independent of the 
surroundings. Second, it does not interfere with the 
normal acoustic properties of the instrument. Third, 
its readings are directly proportional to the radiated 
sound pressure. This comes about in the following 
manner. Consider the equivalent electrical circuit of the 
upper end of the flute as shown in Fig. 1. Here, in the 
notation of Benade and French, the mass of the air in 
the embouchure hole is represented by Lh, the com
pliance of the stopper cavity by C8, and the radiation 

2 The instrument on which these measurements were made was 
Powell No. 1578. 
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FIG. 1. Schematic diagram of the flute tube, embouchure hole, 
stopper cavity, and microphone, with the analogous electrical 
circuit. Losses in the tube, which are generally larger than the 
radiation losses in Rh and Re, are represented by a lossy trans
mission line. 

resistance by Rh. The flute tube proper is represented 
by a length of transmission line, terminated by the 
inductance of the open-end correction Lb and the 
accompanying radiation resistance Re. The viscous 
losses at the two ends may be represented by additional 
resistances in series with Rh and Re, and the wall losses 
by attenuation in the transmission line. The micro
phone, which measures the pressure at the stopper, is 
represented by a voltmeter across CB. The current i 
through the leg Lh and Rh is determined by this 
pressure and by the impedance uLh, since i?h«w/>h at 
all frequencies of interest. Expressions3 for Lh and Rh 
for a hole of radius a are 

Lh = 8 p/ 3T7a, 

Rh =  T p c /X 2 ,  

and the power radiated is 

i2Rh = Rh • V2/co2Lh
2 = 9r\-p2/256pc, 

(1) 

(2) 

(3) 

where p is the microphone pressure4 and pc the charac
teristic impedance of air. Thus, the power radiated 
from the embouchure hole is measured by the square 
of the microphone pressure, and is independent of 
frequency. Since the volume velocities at each open end 
of the resonant pipe are equal, an equal amount of 
power is radiated from the other end of the tube, and 
microphone-pressure levels are proportional to sound-
pressure levels far from the instrument. If the coverage 
of the embouchure hole changes (which it does), 
account must be taken of the factor 1/Xh

2, which 
appears in Eq. 3. This number is directly measurable 
by Benade and French's technique of measuring the 
resonance frequency /r of the Helmholtz cavity formed 
by placing a second stopper at an equal distance r down 
the tube from the embouchure hole. The radiated 
power for a fixed microphone pressure will vary as the 
fourth power of /r. 

3 See, for example, P. M. Morse, Vibration and Sound (McGraw-
Hill Book Co, Inc., New York, 1948), p. 333. 

4 At high frequencies, a small correction may be made for the 
finite mass of the air in the end cavity, the pressure at the em
bouchure hole being lower than the pressure at the microphone 
by a factor cos(2xr/X), where r is the distance from the stopper 
to the center line of the embouchure hole. 

The frequency variations that are of musical signifi
cance lie in the range of 1-3 cps, i.e., roughly 5 cents 
for the normal range of the flute. The factors that can 
affect frequency to this extent are numerous, and some 
care must be taken in the technique of measurement to 
make errors small compared to this. 

The natural resonance frequency of the flute may be 
defined, with reference to the circuit of Fig. 1, as that 
frequency at which the total admittance measured 
across the transmission line, at any point along its 
length, is a pure conductance. This definition of reso
nance makes the admittances measured in any of 
the three branches that join at the upper end of Lh 
simultaneously real at the resonance frequency. A 
sound pressure impressed on the far end of the tube ia 
equivalent to inserting a voltage in series with Re. 
If its frequency is varied, the response in the interior of 
the tube will vary as the familiar resonance curve of the 
simple resonant circuit, and this response will be repro
duced nearly exactly by the microphone. A maximum 
in the microphone response will be obtained very close 
to the resonance frequency as defined above. A slight 
displacement of the maximum occurs because the micro
phone is measuring the voltage across the parallel 
combination of CB and Lh, whose impedance is itself 
frequency-dependent. Analysis of the circuit of Fig. 1 
shows that this error is given by 

(/-/.)//.= (2/,!+/o')/4e!(2/,!-/o!), (4) 

where /r is the abovedescribed resonance frequency of 
the embouchure hole and double end cavity; /o is the 
true resonance frequency of the flute as defined above; 
and / is the frequency at which the microphone re
sponse is maximum. The formula is valid only when 
/o2 is not too close to 2/r

2. Q, the quality factor of the 
main resonance, has values near 40. For /r= 1450 cps 
and /o=1600 cps, the correction is about —1 cent; it 
is quite negligible for the frequencies in the first two 
octaves of the flute's range. 

A simple resonance curve is not registered by the 
microphone when the flute is excited by sound pressure 

THERMOMETER 

MICROPHONE 
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FIG. 2. Sketch showing arrangement for measuring resonance 
and sounding frequencies of the flute. 

100 Volume 40 Number 1 1966 



I 

F R E Q U E N C I E S  O F  T H E  F L U T E  

o 

c o 

at the embouchure hole, as can be demonstrated both 
experimentally and analytically. For this reason, it is 
important that excitation be excluded from the em
bouchure hole. The arrangement of Fig. 2 was devised 
to obtain an accurate measurement of /o, while at the 
same time permitting blowing the flute without dis
turbing it appreciably. 

A heavy box made of f-in. chipboard, and having 
interior dimensions of 11X15X24 in., was lined with 
3-4 in. of hair felt and cellulose packing material. The 
flute was mounted centrally in the box, with the head 
joint protruding through a hole in the small end. A 
conical wooden wedge in this hole and a support near 
the end of the flute served to keep the instrument rigidly 
fixgd. A loudspeaker, placed within the box, was driven 
by an audio oscillator. The waveform, amplitude, and 
frequency of the microphone output were observed by 
an oscilloscope, vacuum-tube voltmeter, and frequency 
counter. The box was also provided with a thermometer, 
heater, and thermostat, though the latter two were 
only occasionally used. The keys of the flute were held 
closed as desired with spring clips; the open-hole keys 
were closed, when the need arose, with clarinet pads. 

The frequency of maximum response could be readily 
determined with this arrangement. Frequencies were 
counted usually over a 10-sec interval, and the maxima 
read on successive settings rarely varied more than a 
few tenths of a cycle per second. For two fingerings in 
the upper (or third) register, E'" and A'", resonances 
were found sufficiently close together so as to distort 
the positions of the maxima. These were of little 
immediate concern, since in this study the range was 
restricted primarily to the first two octaves. A check on 
the loudspeaker and box resonances using the bare 
microphone showed the lining adequate to damp reso
nances to the point where no rapid changes of amplitude 
with frequency were encountered 

II. RESONANCE FREQUENCIES OF THE FLUTE 

The natural (passive) resonance frequencies of the 
flute are determined by the following factors: 

(a)—the geometry of the air column, as determined by 
the structure of the flute and the open and closed 
holes; 

(b)—the extent to which the lip covers the embouchure 
hole; 

(c)—the velocity of sound in the air column as affected 
by temperature and composition of the contained 
air. 

The factors included in (a) are the primary ones that 
the designer of the instrument determines. They have 
been discussed in many publications5 over the last 200 

6 A theoretical treatment of fingering and crossfingering on the 
woodwind is given in the Appendix of E. G. Richardson, The 
Acoustics of Orchestral Instruments and of the Organ (Oxford 
University Press, New York, 1929). 

1 7  0  0  

1 6  0 0  

1 5 0 0  

1 4  0 0  

1 3  0 0  

1 2  0  0  

GAP (mm) 

FIG. 3. The resonance frequency of the Helmholtz cavity formed 
by placing a second stopper 18 mm below the center of the 
embouchure hole, as a function of the coverage of the hole by a 
plastic plate. The dotted line shows a typical lip position when 
playing. 

years, and are investigated in this work only to the 
extent of establishing the characteristics of one par
ticular flute so as to compare its natural resonance with 
the blown frequencies of the same instrument, and to 
provide some experimental data on the extent to which 
the tapered head joint produces the octave-stretching 
predicted by Benade and French. Factor (b), the varia
tion in coverage of the embouchure hole by the lip, 
is an important variable in the flute-performer com
bination, and is investigated here in some detail. It is 
necessary to have a knowledge of Factor (c), the 
velocity of sound in the tube, in order to make a valid 
comparison of passive and active resonances. These 
factors are discussed in more detail below. 

The resonance frequencies of the flute were measured 
by the technique described above. Measurements were 
carried out on the dry instrument near 70°F and cor
rected to this temperature. In order to simulate the lip 
coverage, a curved plastic cover plate 3 mm thick was 
affixed to the mouth plate with a thin layer of modeling 
clay as shown in the inset of Fig. 3. The extent to which 
this covered the embouchure hole was adjustable, and 
measurements were made with values of the gap be
tween the edge of the plate and the blowing edge of the 
hole varying from 2 to 8 mm. The corresponding meas
ured values of fT, the resonant frequency of a cavity 
formed by placing a second cork an equal distance below 
the center of the embouchure hole, are plotted in Fig. 3. 
These are used to specify in a rigorous manner the 
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FIG. 4. Resonance and sounding frequencies for the 
flute tested. The fingerings for E'" and A'" gave a 
double resonance that prevented accurate measure
ment of these values, which are omitted. •—• : Curve 
A, passive resonance, /R=1450~, 70°F, 40% humid
ity. •—• : Curve B, sounding frequencies. 
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effect of the artificial-lip coverage, and also to relate 
the microphone output to radiated power. 

Measurements of the passive resonance frequencies 
for each note of the C scale were made with cover gap 
spacings of 3, 5, and 7 mm. The results for the 5-mm 
gap are shown as Curve A (•—•) of Fig. 4, where they 
are plotted as deviations from the equal tempered 
A 440 scale. The solid curve is for fingerings ordinarily 
used by the flutist, C" being played with the first 
finger only, and D" with the usual venting of the C# 
key. The dotted extension at C" and D" represents 
points taken as second modes of C' and D'—i.e., using 
the whole tube and no vents. It is useful in determining 
the amount of "octave stretch" in the instrument. 

The deviations from a straight line exhibited in Curve 
A result from the placement of the finger holes together 
with variations in the bore and in the end corrections, 
so that their individual values do not permit a simple 
interpretation. One can, however, look for the effect of 
the tapered head joint by observing the "octave stretch" 
—i.e., the extent to which the second-mode frequencies 
with identical fingerings are anharmonic. Table I 
lists the difference in deviations for the octave of each 
note, using the same fingering for the lower and upper 
note in each case. 

In the same Table are calculated values for a tapered 
head joint, by use of the curves of Benade and French's 
Fig. 2 and Fig. 10, Curve A. The correspondence for 

TABLE I. Octave stretch for the passive resonances as calculated 
and measured, in cents. 

Interval Octave stretch, 
calculated 

Octave stretch, 
measured 

C"-C' 13 30 
D"-D' 17 19 
E"-E' 21 15 
F"-F' 23 12 
G"-G' 25 17 
A"-A' 25 22 
B"-B' 25 22 
C'"-C" 24 22 

some notes is reasonably good, but quite pronounced 
irregularities occur. The reason for this is to be found 
in the irregularities of the flute tube owing to the 
cavities formed by the finger-hole walls, and in the 
shunting effect of the structure below the first open 
finger hole. Evidence for this is a series of measure
ments on the flute with no head joint, using the micro
phone as a stopper at the tuning slide and forming 
a closed-end resonator of the cylindrical portion of 
the flute tube only. Table II records, for each of four 
fingerings, the deviations from the expected odd-
harmonic series. These are quite large, having the same ^ 
magnitude as the entire effect of the tapered head joint. 
Even in the case of C', where the entire tube was closed 
and terminated by the simple open end, a 17-cent 
variation occurs between Modes 3 and 4, an indication 
of the importance of the tone-hole cavities. We conclude 
that it is unsafe to treat the flute tube as a simple 
cylinder with end corrections when precision values are 
important. 

m. BLOWN FREQUENCIES OF THE FLUTE 

6 All measurements were made with the author as player, whose 
"normal manner" may be open to criticism but who defends him
self on the grounds that the measurements described here and in 
later sections are at least a self-consistent set. Visual observations 
of other flutists lead him to believe his style is reasonably typical. 

The frequencies produced when the flute is played in 
a normal manner6 are plotted as Curve B of Fig. 4. 
Each of the points represents the mean of ten determina
tions, the notes being selected at random and played 
mezzo forte, and each particular note being returned to 
only after several other notes had been measured. Four 
"sittings" over the course of a week were made, so that 
there is reason to believe that bias was minimized. The 
spread of the standard deviations of the mean, as 
calculated from the ten determinations, is given as a 
vertical line through each point. The similarities and 
differences between Curves A and B are both apparent. 
The blown frequencies follow the irregularities of the 
resonance frequencies, but begin at the low end some 
20 cents sharper and follow a less steep trend, ending 
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TABLE II. Deviation, in cents, from exact multiples of the 
fundamental for the cylindrcal flute tube stopped at the tuning 
slide. The column headings designate the fingering used; they 
bear no relation to the frequencies of resonance. The second mode 
of G'# was not a simple resonance. 

\ Fingering: 
\Lowest freq. (cps): 

Mode \ 

e 
172.7 

E' 
240.5 

G'# 
343.2 

C" 
528.9 

1 0 0 0 0 
2 -1 -20 +9(?) -9 
3 -6 -8 -28 
4 + 11 -22 
5 +7 

some 20 cents flatter. It is the chief objective of this 
paper to explain in some detail this discrepancy. The 
differences can be caused by a change of the velocity 
of sound in the air in the tube, by varying coverage of 
the embouchure hole with the lip, and by a pulling of the 
frequency due to the mechanism by which oscillations 
are sustained. These are treated in the following sections. 

A. Velocity of Sound in the Tube 

We are concerned here, not with the velocity in the 
tube in the sense of its alteration by wall losses, irregu
larities, and changes in bore, but simply with the 
velocity of sound in the medium as affected by the 
player's breath. After the flute has been played for a 
while (it takes about 5 min to come to a steady state), 
the temperature, humidity, and carbon-dioxide content 
of the air column are significantly altered by the player's 
breath. The last factor is by no means negligible. It 
was observed here while measuring the resonance fre
quencies of the instrument, which had previously been 
warmed to playing temperature, and noting that the 
frequency was appreciably flattened by breathing into 
the tube. More-careful measurements using a close tube 
gave a change in frequency of —12 cents when filled 
with breath, relative to filling with saturated moist air 
at the same temperature. This corresponds to a calcu
lated carbon-dioxide content of 2.5%, a value that 
checks well with biological data for the carbon-dioxide 
content of exhaled air. 

The air in the tube is saturated with water vapor, 
the absolute percentage varying with the temperature. 
Being somewhat lighter than air, the water vapor 
increases the speedof sound and, therefore, the fre
quency by an amount that varies from 3.8 cents at 
70°F to 14 cents at 100°F. The speed, of course, varies 
in addition with the square root of the absolute tem
perature of the gas, increasing 1.65 cents per °F. These 
factors are given in Table III, together with their total 
effect. 

The temperature of the air column in the flute, while 
playing, is not uniform, but varies by about 10°F over 
the length of the tube. Measurements give values of 87° 
at the embouchure, 78.5° at the far end, and 82° mid

way between, when played in an ambient of 70°F. For 
a cylindrical tube this variation is equivalent to a slight 
nonuniform geometrical shrinking of the instrument; 
the nonuniformity should be taken into account when 
comparing frequencies using varying lengths of tube, 
but does not, in distinction to the effect of taper in the 
head joint, come into play when comparing modes of 
vibration in the same tube geometry. Integration of the 
velocity variation over the tube gives the result that the 
resonance frequence under playing conditions can be ex
pected to be 15.5 cents higher than for 70° air at 40% 
humidity when all keys are closed (C')- For E', the 
value is 17 cents, for G'# 18.5 cents, and C" (first 
finger) 19.5 cents. These values repeat in the second 
octave, and may be applied in the third octave by 
determining the amount of air column in use for any 
particular note. 

B. Variation of Lip Coverage 

Using the correction factors for the speed of sound 
specified above, we can correct the blown frequencies 
to the value they would have had if the flute were 
filled with air at 70°F and 40% humidity. When this 
is done, it is found that, relative to the resonance fre
quencies of Curve A, the blown frequencies are about 
5 cents sharp at C, becoming flatter in fairly smooth 
progression as the scale is ascended so that at G'" they 
are 41 cents flat. 

Because it was observed that the flutist progressively 
pushes his lips forward as the scale is ascended, a cal
culation was made to find out what gap spacing (dis
tance from the edge of the mouth hole to the edge of the 
plastic cover) would be required to produce all of the 
flattening by this means. This was accomplished by 
interpolating between the resonance curves taken with 
3-, 5-, and 7-mm gaps. The predictions thus made are 
plotted as the circles of Fig. 5. 

A series of photographs of the lip position when 
playing various notes was then made. The photos were 
taken looking down the axis of the flute. A fine wire 
cemented on the wall inside the embouchure hole 
protruded above the lip plate and served to locate the 
edge. Tracings of three of the photographs, reproduced 
Fig. 6, show the rather pronounced shift in Hp position 
with the note being played. While the actual configura-

TABLE III. Variation of the speed of sound with carbon-dioxide 
content, water vapor, and temperature, expressed as cents devia
tion from the value for air at 70°F and 40% humidity. 

Temp. 
(°F) 

2.5%C02 Water vapor Temperature Total 
(cents) 

70° -12 3.8 0 -8.2 
80° -12 6.5 16.2 10.7 
90° -12 9.7 32.3 30.0 

100° -12 14.0 48.5 50.5 
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FIG. 5. O: calculated values of the cover gap re
quired to bring the measured blown and resonance 
frequencies into consonance. A: values for the gap 
formed by the lips as measured from photographs. 
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tion of the lips is quite different than that of the plastic 
cover, a first approximation was made by assuming that 
the gap was the distance from the hole edge to the 
intersection of the lip silhouette with the lip plate. These 
distances, taken from the photographs, are plotted as 
the triangles in Fig. 5. A high degree of correlation is 
evident, the triangles being uniformly about 0.4 mm 
above the points for the plastic cover. The difference 
in angle and the overhang of the upper lip (see sketch 
in Fig. 3) can easily account for this difference. Alto
gether, the evidence was strong that the lip coverage 
and temperature effects alone could readily account for 
the observed frequency shifts, and it seemed quite 
possible that the flute was sounding very nearly at its 
true passive resonant frequency. 

A direct experimental check of this was made by 
mounting the flute in the box as for the passive resonance 
measurement and blowing the instrument with the 
mouth. The sounding frequency was measured and then, 
without moving the lips, the passive resonance fre
quency was immediately measured. The differences 
between the blown and resonance frequencies are listed 
in Table IV, together with the standard deviations 
obtained from the four or five determinations made of 
each. 

The mean of the whole set is 1.7±0.8 cents. Thus, the 
blown frequencies may possibly be on the average 1-3 
cents sharper than the resonant frequencies. We may 
look for the octave shrinking that Benade and French 

FIG. 6. Tracings of Up 
silhouettes from photographs. 
The withdrawn configuration 
is for C', the intermediate for 
E", and the advanced for C'". 
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ascribe to the blowing process by COJ iring the values 
across the rows, e.g., the difference Li . ,veen the values 
for D" and D', etc. These values are given in the fifth 
column of Table IV. There seems to be a slight octave 
shrinking (the mean is — 4±2 cents) but its magnitude 
in comparison with the errors makes even this fact 
uncertain. In any event, the shrinking is small as com
pared to that which we can ascribe with confidence to 
lip coverage variations, which ranges from — 9 cents 
at E"-E' to — 29 cents at C"-C". 

This variation in lip coverage while playing means 
that the end correction Ale calculated by Benade and 
French is not, in fact, constant with frequency, but 
is mechanically altered by the player as the scale is 
ascended. The gap spacings given in Fig. 5, for the 
plastic cover, can be translated by means of the calibra
tion given in Fig. 3 to values of /r, and these in turn 
used with Benade and French's curves of their Fig. 2 
to find the end correction. When this is done, we find 
that Ale varies smoothly from 38 mm at 260 cps, 
through 47 mm at 1070 cps, reaching a maximum of 
51 mm at about 1500 cps, and dropping off to 48 mm 
at 1650 cps. It is apparently this variation that the 
taper of the head joint is designed to counteract. 

C. Frequency Shifts Caused by the Blowing Process 

The absence of any appreciable .departure of the 
blown frequency from the resonance frequency was 
quite surprising, since it is well-known that variations 
in blowing pressure cause changes of frequency, not 
only in flutes, but in recorders, whistles, and organ 
pipes, where the question of variable lip position does 
not enter. Accordingly, an investigation was under
taken with an artificial "player"—a rigid blowing tube 
with modeling clay lips, supplied with air at a measured 
pressure and flow from a weighted bellows. 

Two blowing tubes were used in the tests. The larger 
was made from round, thin-wall copper tubing, one 
end being flattened and shaped to give a lenticular 

I cm 
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TABLE IV. Interval between blown frequency and resonance 
frequency measured immediately after blowing. 

Note Blown minus Note Blown minus Octave 
resonance, resonance, comparison 

(cents') (cents) (cents) 

C' 4±1 C" (mode 2 
of C') 

4±3 0±3 

D' 2±4 D" -4±4 -6±6 
E' 6±3 E" — 2±3 -8±5 
F' 2±5 F" — 4±2 -6±5 
G' -4±3 G" 3±2 + 7±4 
A' -2=t2 A" 
B' 11±3 B" 2±3 -9±4 
C" / ±3 C'" 0±3 — 7±4 

orifice 1.3 mm high and 9.8 mm wide. The smaller tube 
was similar but had an exit orifice 1.0X7.4 mm. The 
blowing tube was mounted in a clamp independent of 
the flute, so that, by tilting the tube, the point of jet 
impact could be varied, while translation of the tube 
along its axis varied the distance to the blowing edge. 
Various angles of attack could be had by rotating the 
flute. 

Working with these tubes shed some light on the 
reasons for lip variation. First, it was observed that 
as the jet was brought close to the blowing edge, the 
higher modes were more easily produced. It was possi
ble, in fact, to effect the octave shift merely by moving 
the tube forward one or two millimeters, keeping con
stant air pressure the while. An explanation of this 
effect in terms of edge tones is given by Powell.7 

Secondly, the amount of embouchure-hole coverage by 
the plastic cover was observed to have a pronounced 
effect, even with the blowing tube in a fixed position 
where the cover did not interfere with the jet. For 
example, using the small blowing tube with a cover gap 
of 5 mm, a good E' could be produced over a wide range 
of loudness. As the pressure was increased, a clean 
transition was made to E", which was reversible to E' 
with a slight hysteresis. Without moving the tube, the 
cover plate was removed, and under this condition 
neither of these notes in the regime normal were sounded, 
instead the series of regime buccale notes was heard, quite 
weak, but clearly the only ones producible over the 
range of pressures available. That varying the coverage 
should have an effect is understandable, when one 
realizes that for a given strength of oscillation within 
the tube (which requires a definite energy input since 
both the internal and radiated losses are independent 
of the size of the open-end apertures) the volume velocity 
at the ends is constant, but the stream or particle 
velocity, with which the blowing jet must interact, will 
vary inversely with the area of the opening. Thus, 
covering part of the lip hole can raise the stream velocity 
by a large factor. While movement of the lips forward 

7 A. Powell, "On the Edgetone," J. Acoust. Soc. Am. 33, 
395-409 (1961); "Aspects of Edgetone Experiment and Theory," 
ibid. 37, 535-536 (1965). 

to effect the octave jump is described in several 
treatises on the flute, I am unaware that attention 
has been directed to this quite separate effect of de
creasing the area of the embouchure hole. 

Quantitative experiments were carried out with the 
blowing tubes immersed in modeling-clav "lips," 
whose position and configuration were copied from the 
photographs. With this arrangement, a quite acceptable 
(if somewhat lifeless) tone quality was achieved for 
many notes, through in most cases the maximum loud
ness was less than that which could be produced with 
the mouth. 

Measurements were made of the frequency and the 
sound pressure at the microphone as a function of 
blowing pressure, air flow, tube size, and tube position 
for each of several fingerings and overtones. The most 
illuminating way to present this information is to give 
curves of frequency deviation as a function of radiated 
power. These curves are presented in Fig. 7. While the 
abcissa represents radiated power as read with the 
microphone and corrected for changes in lip coverage 
as explained in Sec. I, the actual independent variable 
was the blowing pressure. This varied from about 0.1 
to 3 in. of water for the curves here. Within ±5 dB, 
as a matter of fact, the radiated power turned out to be 
a function mostly of blowing pressure, and was not 
very dependent on the note being produced or the size 
of the blowing tube.8 A change in pressure by a factor 

RELATIVE RADIATIVE POWER LEVEL (dB) 

FIG. 7. Frequency shift of the artificially blown flute. Sets 1 
and 2 are with a small blowing orifice at a distance of 4.5 mm, 
Sets 3 and 4 with a larger orifice at 6 mm distance. Zero deviation 
represents the passive resonance frequency for the note fingered. 
The relative radiated power is varied by changing the blowing 
pressure. 

8 For a more extensive discussion, see A. Bouhuys, "Sound 
Power Production in Wind Instruments," J. Acoust. Soc. Am. 
37, 453-456 (1965). 
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of 2 or 3 produces a 10 dB increase in power level. The 
ordinate for each curve is the deviation, in cents, of the 
blown frequency from the passive resonance frequency 
of the flute measured for the note indicated. The upper 
two sets of curves are for the large tube at a blowing 
distance of about 6 mm and a lip coverage giving 
jT— 1435 cps; the lower two sets are for the small tube 
at a blowing distance of 4.5 mm and a lip coverage 
giving JT— 1320 cps. These conditions resemble those 
employed by the flutist for notes in the center of the 
low resister (G') and the upper end of the second register 
(C'"), respectively. 

Each solid curve is for the note indicated, the normal 
fingering being used. The dashed curve in the set above, 
connected by a dotted line to the corresponding lower 
curve, is for the octave of that note, with no change in 
fingering. The short lines terminating the curves 
indicate that oscillation either ceases or jumps the 
octave at this point, in each case approaching the 
terminus from a condition on the curve. The octave 
jump usually lands on a point not on the end of the 
curve, so the pressure must be backed off to reach the 
terminus. The fact that some of the curves—e.g., 
E" in Set 2—bend backward merely indicates that, as 
the blowing pressure is increased, the radiated power 
is falling off while the frequency is still increasing. When 
this happened, the tone was always poor and windy, so 
it represents a condition usually avoided in practice. 

Two striking facts are exhibited by the curves. 
First, the deviation in frequency with blowing is quite 
large (more than a semitone in the case of C" in Set 1); 
and second, it may be either sharp or flat with respect 
to the resonance frequency—there is no asymptotic 
approach to an upper limit. The power range is quite 
large also, but this is somewhat misleading because the 
wider ranges generally consist of extensions of the 
lower ends of the curves for the low register, which are 
in fact simply edge tones and are so faint as to be 
audible only in a very quiet room. It is not surprising 
then to find, as showrn in Table IV, that there is no 
general tendency for the flutist to play either sharp 
or flat with respect to resonance. It is somewhat sur
prising that he should do so within a precision of a few 
cents. 

From an examination of the curves of Fig. 7, we 
can make some guesses as to why the flutist chooses the 
lip position that he does. If we compare Curve C' of 
Set 1 with the same note in Set 3, we see the latter can 
be played at forty times the radiated power (16 dB) 
before it breaks to the octave. In view of the weakness 
of the low register, the flutist will surely choose the 
wider orifice and larger blowing distance for this note, 
and for others in the low register. One octave higher, 
at C", this advantage has largely disappeared; the 
small orifice and closer blowing distance permit a wide 
lattitude of power, centered 10-15 dB higher than C' 
of Set 3, and with an air flow only half that which 
would be expended blowing C" with the large tube. 

TABLE V. Blowing pressure measured in the mouth when 
playing the f lute  mezzo forte .  

Note Pressure, Note Pressure, 
in. water in. water 

C' 0.4 G"# 1.3 
E' 0.6 C'" 1.5 
G'# 0.8 E"' 2.0 
C" 0.9 G"# 2.6 
E" 1.1 C'" 3.5 

We may also look at what can happen when the 
flutist wishes to change the register. Suppose that he 
is playing E' in Set 3 at zero frequency deviation. This 
point is marked in Fig. 7 with an arrow. If the em
bouchure were rigidly fixed, he could increase the 
pressure and jump to E" (Set 4). To get to the mid-
range of this curve, he would need to increase the 
pressure by a factor of 4, with an attendant power in
crease of 17 dB. (This experience is familiar in the play
ing of any of the numerous whistle flutes.) As an alter
native, he could press the lips together slightly, move 
them toward the mouthpiece, increase the pressure by a 
factor of two, and arrive in the midrange of E" in 
Set 2. The pressure change required is now only a factor 
of two, and the attendant powrer change about 5.5 dB. 

To check this hypothesis, measurements were made 
of the pressure in the mouth as the flute was played, at 
a nominal mezzo forte, over the entire range of fre
quencies. The results, shown in Table V, exhibit a 
steady increase in pressure as the scale is ascended. A 
factor of just under two is employed in going from E' to 
E", as predicted by the results from the artificial 
player. The argument appears to be generally applicable 
over the range of notes tested, and it appears that the 
flutist modifies his lip orifice and position in such a way 
as to keep the expenditure of air within bounds and at 
the same time to overcome the extreme variation in 
loudness with frequency that would result if the lip 
position were rigidly fixed. 

IV. CONCLUSIONS 

The frequency at which the flute sounds, in normal 
playing, stays within a few cents of the passive resonance 
frequency of the instrument. The latter is determined, 
under playing conditions, by the geometry of the instru
ment, the temperature and composition of the air in 
the tube, and the extent to which the player's lips cover 
the mouth-hole. In order to produce a sound of the 
desired loudness and quality with a minimum of effort, 
the flutist changes his lip configuration with frequency, 
pushing the lips forward as the scale is ascended. This 
changes the coverage of the embouchure hole and makes 
the instrument relatively flatter for higher frequencies. 
The tapered head joint compensates in part for this 
effect. The blowing mechanism can alter the sounding 
frequency in amounts from 70 cents below to 35 cents 

106 Volume 40 Number 1 1966 



F R E Q U E N C I E S  O F  T H E  F L U T E  

above the natural resonance frequency in a smooth 
progression as the blowing pressure is increased. In 
spite of this wide range, there is no indication of a 
definite tendency, in sounding the flute at normal 
loudness, to play either sharp or flat with respect to 
resonance. 

Because of the presence of tone-hole cavities in the 
wall of the flute, and the shunting effect of portions of 
the flute below the first open tone hole, the octave 
stretch actually encountered departs irregularly by as 
much as 17 cents from that calculated for a tapered 
head-joint on a cylindrical tube. 
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Sounding Mechanism of the Flute and Organ Pipe 
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Measurements on an artificially blown and mechanically excited flute head joint provide values of the 
complex acoustic back pressure generated by the blowing jet. The magnitude of the acoustic back pressure 
is calculable from the jet momentum and is approximately twice the static blowing pressure times the ratio 
of the lip-aperture area to the tube cross-section area. The phase of the induced back pressure relative to the 
oscillation volume velocity is determined by the lip-to-edge distance and the velocity of propagation of a 
wave on the jet. Adjustment of this phase is demonstrated to be the major means by which the flutist 
selects the desired mode of oscillation of the instrument. The efficiency of conversion from jet power to 
acoustic oscillation power is low (2.4% at 440 Hz) and is about equal to the ratio of particle velocities in the 
air column and the jet. Nonlinear (turbulent) losses are measured and are substantial. Stroboscopic views 
of the jet motion under explicitly stated oscillation conditions show the large amplitude of the jet wave and 
its phase relative to the stimulating acoustic disturbance. 

INTRODUCTION 

QUALITATIVE theories of the means by which 
acoustic oscillations are maintained in flutelike 

instruments have been available at least since that 
proposed by Sir John Herschel in 1830.1 The intervening 
period has seen a certain amount of dissension as to the 
nature of the mechanism, accompanied by only a few 
controlled observations. Carriere2 injected steam into 
the air jet of a very large organ pipe and observed 
stroboscopically the vortices formed in this stream. 
Brown:i observed in detail the instabilities of a jet of 
air subjected to an acoustic disturbance, and Sato4 has 
recently treated theoretically the mechanics of such a 
fluid stream. Cremer and Ising5 treat the self-excited 
organ pipe as a resonant system coupled by a feedback 
mechanism to an oscillating jet. 

The picture that is presented is briefly this: A thin 
flat jet of air, subjected to an alternating disturbance 
near its point of issuance, will develop a sinuousity in 
the form of a growing wave whose propagation velocity 
is roughly one-third to one-half the original jet velocity. 
The disturbances will eventually grow into a series of 
vortices. In the flute or organ, however, an edge or 

* This work was carried out privately. The author is at the 
VV'estinghouse Res. Labs., Pittsburgh, Pa. 15235 

1 R. S. Rockstro, The Flute (Rudall, Carte & Co., London, 
1928), p. 34. 

2 M. Z. Carriere, J. Phys. 2, 53-64 (1925). 
3 G. B. Brown, Proc. Phys. Soc. (London) 47, 703-732 (1935). 
4 H. Sato, J. Fluid Mech. 7, 53-80 (1960). 
6 L, Cremer and H. Ising, Acustica 19, 143-153 (1963). 

wedge upon which the jet plays interrupts the jet 
before these vortices are fully developed, and the result 
is to provide on each side of the wedge a set of air 
pulsations at the frequency of the initial disturbance. 
These pulsations can maintain acoustic oscillations in 
a resonator to which the wedge is properly affixed, and 
these oscillations in turn provide the initial disturbance 
for the jet. Subject to certain phase and loop-gain 
conditions, the entire system will then maintain itself 
in oscillation. In general, there are several modes of 
oscillation that can take place, both with respect to 
the number of acoustic wavelengths contained in the 
resonant pipe, and the number of undulant wavelengths 
of the jet stream, giving rise to a two-dimensional set 
of possible steady-state conditions that has been de
scribed (not entirely correctly) by Benade and French6 

and Bouasse.7 

The present work inquires quantitatively into the 
processes involved in converting the direct current of 
the performer's breath into the alternating oscillations 
of the acoustic resonator, and how the oscillations 
depend on the parameters of the blowing mechanism. 
While the investigation has been limited to a single 
geometry and a relatively small range of frequencies, 
it has provided enough information to formulate a 
simple quantitative theory that appears adequate to 

6 A. H. Benade and J. W. French, J. Acoust. Soc. Amer. 37, 
679-691 (1965). 

7 H. Bouasse, Tuyaux et Resonateure (Librarie Delagrave, 
Paris, 1929). 
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explain many aspects of the behavior of the flute and 
organ pipe with reasonable accuracy. 

I. NATURE OF THE JET MOTION 

Carriere's pictures1 of jet streams were taken with an 
enormous (50-ft) organ pipe whose proportions were 
quite different from those of the flute. Moreover, he 
reported no measurements of the strength of oscillation. 
It seemed desirable then to obtain some visual informa
tion about the jet motion under conditions character
istic of the flute. Accordingly, a flute head joint, pro
vided with acoustical driving and measuring mech
anisms to be described later, was blown with an artificial 
air supply through an orifice closely resembling that of 
the flute player's lips. A small stream of cigarette smoke 
introduced into the jet, and a phase-locked stroboscope, 
permitted observation of the jet form. In Fig. 1 are 
sketches of the observed form of the jet. Each picture 
is for a specific phase relative to the acoustic current 
(volume velocity) at the mouthhole, as marked. A 
caution is raised about these and similar pictures: They 
are merely snapshots of the configuration of the smoke 
at a given instant. It must not be inferred that the 
smoke particles follow paths such as these in getting to 
that position, nor should it be assumed that air that 
does not contain smoke is not also in motion. 

The conditions for these pictures are typical of the 
flute when playing A at 440 Hz moderately loud. Some 
features of the motion are worthy of comment. First, 
it can be seen that the jet does not instantly alter its 
form in response to the acoustic current. At 90°, the 
acoustic current has been moving out of the mouthhole 
during \ of a cycle, but the jet is just now blowing over 
the edge rather than into the hole. Second, the jet 
reacts strongly to moderate disturbances. Its own initial 
velocity in this case was 1320 cm/sec. The acoustic 
particle velocity (which acts roughly at right angles to 
the jet) was about 300 cm/sec. The acoustic particle 
amplitude of motion is about 1 mm; the jet, however, 
moves laterally at least 10 times this distance. A quite 

5 
135 

6 
315 

FIG. 1. Sketches of smoke-laden jet viewed stroboscopically. 
The labels are phase angles of the acoustic current (volume 
velocity) at the hole; 0° is zero current, 90° maximum current 
blowing out. Frequency 437 Hz, blowing pressure 0.5 in. of water, 
acoustic volume velocity 130 cm3/sec. 

complete switching action thus occurs as opposed to the 
modulation that would obtain if the lateral jet motion 
were comparable to the jet thickness. 

The experiments to be described were directed at 
measuring the acoustic pressure engendered in the 
resonator by such a switched jet. 

II. APPROACH 

Much of the previous work on organ pipes has been 
complicated by the fact that the oscillating system is 
only weakly under the control of the experimenter— 
the feedback mechanisms at work permit it to take up 
a state of oscillation appropriate to the imposed external 
conditions, and as these are varied, the oscillator alters 
its frequency and amplitude and may jump hystereti-
cally from one mode to another. In the present work, 
the feedback loop was disconnected. The ability of the 
blown embouchure to convert the direct current of the 
air stream into an alternating acoustic pressure was 
measured under conditions where the stimulating 
acoustic vibrations were separately produced at a 
known amplitude by an electrically driven piston. The 
embouchure was treated then as a two-terminal im
pedance connected in series with the equivalent trans
mission line at the plane of the mouthhole, and whose 
value was a function of the blowing conditions and of 
the acoustic current flowing through it. This impedance 
is complex, and in the region of interest has a negative 
real component. When the magnitude of this component 
is larger than the positive resistance of the resonator, 
oscillation can take place. It will be maintained at an 
amplitude and frequency determined by the condition 
that the impedance looking into the embouchure is the 
negative of the impedance looking into the resonator. 
The latter was determined with the same apparatus, 
and also turns out to be nonlinear. 

The nonlinear nature of both these impedances has 
two implications. First, a certain degree of harmonic 
generation is encountered—i.e., an impressed sinusoidal 
current gives rise to a nonsinusoidal pressure. 
Fortunately, the harmonic content in the sound of the 
flute is not large, and since the radiated power goes up 
as the frequency squared, we find the harmonic content 
of the oscillation within the tube is quite moderate. 
Oscilloscope observation of the sound pressure at the 
stopped end of the artificially blown head rarely showed 
harmonic content more than 20% in amplitude. For 
the purposes of this experiment, the harmonic genera
tion was ignored and only the fundamental pressures 
measured. This means that the theory presented does 
not deal with an important aspect of a musical instru
ment, the tone quality. The second aspect of the non-
linearity is that, since impedances change with ampli
tude, each measurement must be carried out at some 
specified oscillation amplitude. We shall find, in fact, 
that the blown embouchure acts more nearly like a 
constant-pressure generator than like a constant nega-
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tive resistance. The impedance concept is, however, 
a convenient method of expressing the results. It is 
employed here with the caution that the word im
pedance is used merely to express the ratio of the funda
mental of the pressure generated to an impressed 
sinusoidal volume velocity of a given value. 

III. APPARATUS 

Figure 2 shows schematically the arrangement used 
to measure the impedances of the flute sections, and of 
the jet. It consists of a short length of copper pipe of 
f in. i.d., to which sections like the cylindrical flute 
head (1) could be affixed. It is closed at one end by a 
piston (3), whose mass (18 g) is large as compared to 
that of the air in the tube. This piston is sealed with 
a thin rubber diaphragm, and may be driven by the 
loudspeaker motor (4) to provide a variable driving 
acoustic current. The value of this current could be 
measured with a pickup coil (5), which moves with the 
piston in a separate magnetic yoke. Closely adjacent 
to the closed end is a rigid microphone (6), made from 
two thin disks of oppositely polarized barium titanate. 
The microphone, which was calibrated in another 
laboratory, measures the acoustic pressure close to the 
closed end. The ratio of the microphone signal to the 
pickup-coil signal is proportional to the acoustic im
pedance looking up the pipe. This impedance could 
always be made real by tuning the system to resonance, 
and it was thus possible to provide a null-balancing 
circuit in the form of potentiometer (8), from which the 
acoustic resistance at resonance could be read directly. 
The detector took the form of an oscilloscope whose x 
axis was driven sinusoidally by the audio oscillator that 
drove the loudspeaker. The resultant Lissajous figure 
showed the presence of nonlinearities, and permitted 
visual balancing of the fundamental to zero, even with 
harmonics present. 

In order to damp the resonator so that it would not 
oscillate under the action of the air jet alone, an acoustic 
resistor (7) was provided. In an attempt to make this 
resistor noninductive, a bundle (more accurately, a 
disk) of several thousand glass capillaries, each 0.01 

4 

/ 

c 

p i c k u p  

d e t e c t o r  

FIG. 2. Apparatus for measuring acoustic impedance: (1) flute 
head with mouthhole, (2) tuning slide, (3) piston, (4) loudspeaker 
motor, (5) velocity pickup coil, (6) microphone, (7) acoustic 
resistor, (8) null potentiometer. 

cm in diameter and 0.1 cm long, was used. While the 
length and diameter of each of these tubes were such 
as to make its resistance outweigh its inductance by a 
large factor at all frequencies of interest, the assem
blage of tubes taken as a whole had an end correction 
of the order of the diameter of the entire disk, so that an 
appreciable inductive effect was measured. The as
semblage of tubes could be partially covered by a 
rubber pad to vary the acoustic resistance. This resistor 
was used as a test object for calibrating the null circuit. 
With a quarter-wavelength of open pipe connected 
and the resistor partly opened, the potentiometer 
reading at resonance was obtained. The Q of the reso
nator was then measured by running a frequency-
response curve. To avoid problems from acoustic non-
linearities, the driving current was adjusted at each 
frequency to give a constant pressure, rather than 
employing the usual technique of keeping the drive 
constant and measuring the response. Because the 
loudspeaker motor was driving a mass whose amplitude 
of vibration would fall off with frequency for a constant 
driving force, the electrical oscillator was coupled to 
the amplifier with a small capacitor to give a voltage 
rising with frequency in compensation. 

The effective resistance R as seen at the closed end of 
a resonant length of tube is related to the Q of the 
resonator by 

R— 4QZo/mr. (1) 

Here Q is the quality factor, n the number of quarter-
wavelengths on the line, and Zo the characteristic 
impedance of the tube: 

Zo—pc/S, (2) 

where p is the density of air, c the velocity of sound, and 
6" the cross-sectional area of the tube. 

The potentiometer was found to give readings directly 
proportional to the effective resistance, independent of 
frequency, as it should. Readings were repeatable, the 
resistance read on successive balances rarely varying as 
much as 1%. 

The procedure for making a measurement of the jet 
impedance was as follows. With the acoustic resistor 
capped (i.e., not in the circuit), the jet blowing tube 
geometry and blowing pressure were adjusted as 
desired; for example, to produce the loudest possible 
tone for some chosen blowing pressure. The microphone 
could be used to measure the acoustic pressure at the 
velocity node. The acoustic current at the mouthhole 
is found by dividing the microphone pressure by Z0, 
and multiplying by sin0, where 6/2ir is the distance to 
the mouthhole in wavelengths. The acoustic resistor 
was then introduced and adjusted until oscillation 
ceased. With the jet turned off, the driving piston was 
activated by the electrical oscillator, the frequency 
tuned to near resonance, and the amplitude adjusted 
to give some chosen amplitude of acoustic oscillation 
as measured by the microphone. The potentiometer and 
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frequency were then adjusted to give a null output at 
the detector and the potentiometer reading was taken 
as a measure of the resistance seen at the plane of the 
piston. 

This resistance reflects all of the acoustic losses in 
the system at the particular amplitude of oscillation 
chosen; the acoustic power loss is given by the square 
of the microphone pressure divided by this measured 
resistance. The blowing jet was then turned on at a 
given blowing pressure, and the measurement repeated. 
The effect of the jet is to induce an additional acoustic 
pressure of some unknown phase and amplitude. A null 
is obtained again by changing the length of the tube at 
the tuning slide to take care of the reactive component, 
and balancing again the potentiometer setting. The 
piston drive must be changed also to return the system 
to the original amplitude, since some parameters are 
nonlinear. The change in length of the tuning slide, and 
the change in potentiometer readings suffice to calculate 
the effective impedance of the jet. In order to simplify 
the procedure, a cylindrical rather than a tapered head 
joint was used. 

IV. CALCULATION OF THE JET IMPEDANCE 

The electrical circuit analogous to the acoustic system 
of Fig. 2 is shown in Fig. 3. The flute head tube is 
represented by a length I of transmission line, terminated 
at the left by the parallel combination of the mouthhole 
inductance Lh and the small capacitance Cs of the 
cavity between the mouthhole and stopper. The effect 
of the blowing jet is represented by an unknown im
pedance Zj, arbitrarily placed in series with the trans
mission line at the plane of the mouthhole. We do not 
really know the details of the interaction of the jet with 
the flow at this point—all that this placing of Zj 
signifies is that to get the effective acoustic back 
pressure sustaining the fundamental of the oscillation 
we multiply Zj by the calculated line current at this 
point. 

At the right end, the circuit is driven by a constant 
current i through the essentially infinite inductance 
Ld representing the mass of the driving pistion. 

The voltmeter V represents the microphone, while the 
resistor Ra represents the artificial acoustic resistor. 
The other acoustic losses in the system are not specif
ically shown in the diagram, but their effect is felt as 
a real component R{n of the impedance Zin looking up 
the line at the plane of the piston. 

The potentiometer, which measures V/i when Z,„ 
is real, reads the value of R{n shunted by Ra if the 
artificial resistor is being used. 

Vf 

FIG. 3. Transmis
sion-line circuit anal
ogous to the acous
tic system of Fig. 2. 

FIG. 4. Acoustic losses for 
the flute sounding G (392 
Hz). The losses are ex
pressed as the conductance 
as seen at the velocity 
node, as a function of 
acoustic pressure at this 
point. Curve A, head joint 
alone; Curve B, body alone; 
Curve C, sum; Curve D, 
calculated radiation loss. 

1000 2000 3000 
Acous t i c  P ressu re  t rms )  d yne / cm 2  

Calculations of effective impedance are based on the 
equation for a lossless transmission line: 

Z in— (Zf\-j tan#)/(1+Zl tan#). (3) 

Here, and in the following discussions, all impedances 
are relative to the characteristic impedance of the line 
as given by Eq. 2 and are dimensionless. Zt„ is the 
impedance as measured looking into a line of length I 
terminated by a load impedance ZL ,  and d=2irl/\, 
where A is the wavelength on the line. For the measure
ment described above, the system is tuned so that Zin 

is real, i.e., Zin = Rin. Inverting Eq. 3 and using the 
condition that Zin=Rin, we find: 

i?i„(l-l-tan2#)+j(R in
2— 1) tan# 

ZL= . (4) 
1 -\-Rin tan2# 

In our case, R in
2  tan2#^>>l, i.e., the Q of the system with

out the acoustic resistor is quite high. Making this 
approximation and taking Z; as the change in ZL when 
the jet is introduced, we find the jet impedance to be 

Zj= (Gi—Go) (cot2#o~t~ l)+i(l — G{~) (cot#i— cot#o). (5) 

Gi and Go are the conductances (1 /Rin) measured 
by the potentiometer with and without the jet blowing. 
The angles #1 and #0 correspond to the lengths of the 
turned line with and without the jet blowing. Because 
the acoustic resistor introduced some inductance, a 
separate measurement was made of the change in line 
length necessitated by its introduction, and this correc
tion was applied before calculating #0 and #i. Since only 
small changes in I are produced by the jet, differential 
methods were used to evaluate Eq. 5. 

V. ACOUSTIC LOSSES 

Before describing the jet effects, we report measure
ments made of losses in flute tubes with the above-
described apparatus. These are directly proportional 
to the conductance (1 /Rin) measured with the 
potentiometer. 

In Fig. 4 are given measurements of the conductance, 
as seen at the velocity node, of a Haynes flute head 
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(A) and body (B). The nonlinear effects are apparent 
in the functional dependence of the conductance on 
the oscillation amplitude. The flute head shows the 
most pronounced nonlinearity. The loss coefficient at 
a typical playing amplitude (2100 dyn/cm2 at the 
velocity node) is about 50% larger than the small-signal 
value, and rises very rapidly beyond this point. The 
effects arise almost entirely at the mouthhole, which 
was partially covered with a modeling-clay "lip" as in 
normal playing. A cylindrical open-end pipe of the 
same diameter and resonance frequency shows prac
tically no increase in conductance with amplitude. 

Acoustic nonlinearities in small apertures have been 
treated by Ingard and Ising.8 They show that the 
nonlinear effects result from acceleration of masses of 
air that do not entirely return through the hole on the 
reverse cycle. The results in Curve A agree with their 
measurements within 10%, when the mouth hole area 
(0.63 cm2) is used to calculate the acoustic particle 
velocity and specific resistance at this point. The flute 
body shows also some nonlinearity (Curve B, Fig. 4), 
though it is not as pronounced as for the head. The tone 
holes are doubtless responsible for this. It is evident 
that in any quantitative treatment of the flute as an 
oscillating system, these nonlinear losses must be 
taken into account. Calculations based on small-signal 
Q values would not be representative of what goes on 
at normal playing amplitude. 

VI. IMPEDANCE OF THE JET 

By use of the technique described above, a number of 
measurements were made of the effective jet impedance 
as a function of blowing pressure, distance from the end 
of the blowing tube to the edge of the embouchure hole, 
and frequency and amplitude of the exciting acoustic 
oscillation. An effective way of describing the results is 
to plot, in the complex plane, the impedance of the jet 
as a function of blowing pressure, all the other param
eters being held constant. Sets of these plots are then 
made for other values of the fixed parameters. 

A typical plot of this kind is shown in Fig. 5. Im
pedance values are relative to the characteristic im
pedance of the tube, 15.3 g cm-4-sec-1. The sign con
vention is that appropriate to the impedance as seen 
from inside the tube, i.e., a positive real value represents 
a resistive loss, a negative real value, an energy gener
ator, a positive imaginary value, an inductive (mass) 
loading, and a negative imaginary value, a capacitance 
or compliance. In the particular measurement reported 
in Fig. 5, the acoustic pressure pm at the microphone 
was held constant at an rms value of 450 dyn cm-2. 
The calculated acoustic volume velocity at the plane of 
the mouthhole, a distance l=\d/2ir away, is given by 
(pm/Zo) sin0. For Fig. 5, its value was 28 cm3 sec-1 rms. 
These values, about j those for loud playing, were chosen 
for presentation here because the resulting diagram 

8 U. Ingard and H. Ising, J. Acoust. Soc. Amer. 42, 6-17 (1967). 
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generat ing 

FIG. 5. Complex acoustic impedance of the jet as seen from 
inside the tube at the mouthhole. Impedances are relative to 
the characteristic impedance of the tube, 15.3 g cm-4.sec-1. Labels 
on the points are blowing pressure in inches of water. Acoustic 
current at the mouthhole constant at 28 cm3 sec-1 rms. Frequency: 
440 Hz. Jet orifice area: 0.072 cm2. 

exhibits all of the essential features of the cases ex
amined. Each point on the curve corresponds to a 
particular jet blowing pressure, measured and labeled 
in inches of water. The geometry of the blowing tube 
was held fixed throughout this set of measurements. 

It can be seen that the impedance ascribable to the 
jet is a smooth, well-behaved function of blowing pres
sure over the entire range, the magnitude decreasing 
monotonically as the pressure is reduced, and the phase 
rotating clockwise over more than two complete cycles. 
The impedance values can lie in any quadrant of the 
complex plane. Starting at the outer edge where the 
blowing pressure is about 0.56 in. of water, we see that 
the impedance is real and negative; such a condition 
would overcome the losses in the tube were the artificial 
resistance removed, and would result in oscillation at 
large amplitude at the natural resonance frequency of 
the tube. At a higher blowing pressure, the impedance 
has a capacitive component that will make the fre
quency sharp: at lower pressure, 0.3 in., the inductive 
effect makes it go flat, and the real component is less 
negative—i.e., it could not generate so much power. 
At about 0.25 in., the phase crosses into the positive 
real domain—the jet now represents a loss mechanism 
and could not possibly sound the flute. At about 0.11 in., 
however, we are back into the negative resistance region, 
which persists down to about 0.06 in., where the curve 
crosses over again into the positive domain. 

It is evident that while the jet impedance varies 
smoothly with blowing pressure, in principle spiraling 
indefinitely around the origin as the pressure is reduced, 
it represents a possible sound-generating mechanism 
only when it lies in the negative half-plane, which it 
periodically occupies as the blowing pressure is reduced. 
In traversing the negative resistance region, the im
pedance crosses the real axis, going from capacitive to 
inductive reactance. In the flute under test, oscillation 
at 440 Hz was obtainable for only two such pressure 
regimes, separated as expected by a zone of silence, 
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TABLE I. Propagation velocity of a disturbance of the jet. 
Frequency, 440 Hz. Transverse sound field particle velocity: 
28 cm/sec rms; peak to peak displacement amplitude: 0.028 cm. 

Blowing 
pressure 
(in. water) 

Initial jet 
velocity u 
(cm/sec) 

Phase velocity 
of disturbance 

(cm/sec) 
Velocity 

ratio 

1.0 1920 670 0.35 
0.6 1460 600 0.41 
0.3 1000 390 0.39 
0.15 770 370 0.49 

with the generated frequency going from sharp to flat 
with lowering pressure with each regime. In organ pipes, 
oscillation at the same frequency for several distinct 
pressures may be observed.6,7 While in principle there 
are an indefinite number of turns as the pressure is 
lowered, there is a last turn for high pressures. This is 
because the phase of the impedance depends on the 
travel time of a wave of the jet across the mouthhole. 
As the velocity decreases, the travel time can become 
indefinitely long, encompassing an arbitrary number of 
cycles before reaching the splitting edge. With increas
ing velocity, the travel time can only approach zero. 
This last turn is the large one to the left. It terminates 
at high blowing pressures (in Fig. 5 at 0.7 in. of water) 
with the onset of a noisy turbulence. Only this major 
turn of the curve is used in music, and we devote most 
of our attention to an examination of its properties. 

VII. PHASE OF THE JET IMPEDANCE 

The rotation of the impedance vector with pressure is 
associated with the travel time of a jet disturbance 
across the mouthhole. If we plot the phase of the points 
in Fig. 5 against the inverse of the initial airstream 
velocity u, an essentially straight line results. The slope 
of this line, together with the known distance across the 
hole, gives a phase velocity—i.e., the velocity of a dis
turbance on the jet, about 0.4 the initial jet velocity u. 
To check this inference, an experiment was conducted 
with a jet stream from the same blowing tube injected 
into the strong transverse sound field existing between 

FIG. 6. Snapshots of jet in sound field. Four frames J cycle 
apart in time. Blowing pressure 1.0 in., initial jet velocity 1920 
cm sec-1. Acoustic peak particle velocity 38 cm/sec. 

FIG. 7. Acoustic 
impedance of the jet 
for two lip-to-edge 
distances: Curve A 
for 7 mm and Curve 
B for 5 mm. Labels 
as in Fig. 5. Acous
tic current at the 
mouthhole 74 cm3 

sec-1 rms. Frequency 
440 Hz. Jet orifice 
area 0.072 cm2. 

two opposed quarter-wave resonant pipes driven by the 
oscillating piston. Movies of the stroboscopically 
illuminated, smoke-laden jet were examined frame-
by-frame to measure the propagation velocity of the 
disturbances on the jet. Typical frames are shown in 
Fig. 6. The measured velocities were remarkably con
stant along the path; there was no evidence of any 
slowing down on the propagation velocity right up to 
the point where the smoke trace broke up. Table I 
lists the values found. 

The values found check well those inferred from the 
rotation of the impedance vector. Experiments measur
ing rotation of the impedance vector as the lip-to-edge 
distance is changed give closely concordant values. 
Sato3 and Brown2 discuss the theoretical and experi
mental aspects of this wave propagation. Cremer and 
Ising5 derive an equation for the expected jet motion 
and compare it with observations on an organ pipe 
jet. It suffices to say here that even for the relatively 
strong disturbances acting in the case of the flute and 
organ pipe, the wave-propagation velocity stays very 
close to 0.3 u to 0.4 w, as these authors find. 

The phase of the impedance vector, which is so 
important in determining the strength and frequency 
deviation of the resultant oscillation, is thus determined 
by the initial jet velocity—i.e., the blowing pressure, 
and the lip-to-edge distance. Figure 7 shows two spirals 
like that of Fig. 5. Curve A was obtained with a 7-mm 
lip-to-edge distance, Curve B with 5 mm. The effect 
of changing the distance is to rotate the entire diagram, 
which gives rise to a pronounced change in the oscilla
tion condition. With a 5-mm distance and 0.6-in. blow
ing pressure, the jet wave gets there too soon; its 
capacitive reactance would make the flute sound half a 
semitone sharp. Reducing the pressure to 0.3 in. to 
avoid this would give a weak oscillation. By pulling the 
lip back to 7 mm, however (Curve A), the arrival time 
is delayed, and a strong in-tune oscillation could be 
produced at 0.6-in. blowing pressure. There is no pres
sure on Curve B that could match this oscillation 
strength. 

The necessity for adjusting the lip-to-edge distance 
is further brought out by examining the effect of fre
quency change. Figure 8 shows two impedance plots 
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FIG. 8. Acoustic im
pedance of the jet for 
two modes of the reso
nant pipe. Curve A: first 
mode, 300 Hz, acoustic 
current 135 cm3 sec-1. 
Curve B: second mode, 
900 Hz, acoustic current 
82 cm3 sec-1. 

taken for identical blowing geometries and pressures; 
Curve A for the 300-Hz first mode of a stopped pipe, 
and Curve B for its second mode, at 900 Hz. It can be 
seen that the phases are markedly different. At a blow
ing pressure of 0.6 in. of water, the jet impedance vectors 
for the two modes are about 180° apart. At this pressure, 
the jet impedance for the second mode (900 Hz) lies 
in the real half-plane—it could not produce oscillation 
at this frequency. As the pressure is increased, the 
impedance vector rotates counterclockwise (note that 
its rotation rate is three times faster for 900 Hz than 
for 300 Hz, as expected) so that at a blowing pressure 
of 1.0 in., it lies well in the generating quadrant, and 
the upper mode would be sounded. Transition to the 
upper mode could be greatly favored by moving the lip 
closer to the edge; this would rotate both diagrams 
counterclockwise so as to put the upper-mode vector 
in the generating region over most of the curve, and 
displace the lower-frequency mode toward the lossy 
region. Conversely, retraction of the lip would place the 
low-frequency mode in a favored position, and dis
advantage the other. Curves run for the conditions of 
Fig. 8, but with a lip-to-edge distance of 9 mm instead 
of 7 mm, show that exactly this happens, Curve B 
being rotated completely into the nongenerating half-
plane, while Curve A rotates one-third as much toward 
the generating axis. 

This adjustment of the lip-to-edge distance by the 
flute player, and its effect on intonation and tone pro
duction have been discussed by Coltman.9 It is apparent 
from the above that the flute player adjusts both the 
blowing pressure and lip-to-edge distance in such a 
manner as to control the arrival phase of the jet, and 
that this phase is a more important variable in deter
mining which mode will be sounded than is the magni
tude of the blowing pressure. 

VIII. ACOUSTIC PRESSURE GENERATED 
BY THE JET 

It is important to point out that the magnitudes of 
the measured jet impedances such as shown in Figs. 5, 

8 J. W. Coltman, J. Acoust. Soc. Amer. 40, 99-107 (1966). 

7, and 8 depend markedly on the value chosen for the 
magnitude of oscillation. If the jet impedance is multi
plied by the current at the plane of the mouthhole, 
one gets the complex acoustic backpressure generated 
by the jet, which may be plotted in a similar diagram. 
Such curves are much less dependent on the value of 
the current chosen, and we conclude from this that the 
jet action can be best described in terms of the magni
tude and phase of the acoustic pressure that it generates. 
The way in which the phase varies has already been 
discussed; we give attention now to the mechanisms 
that determine the acoustic driving force that the jet 
can provide. 

In the following discussion, we neglect certain 
refinements in quantitatively dealing with flow— 
namely, we presume that viscous and friction effects at 
the walls are absent. This is a reasonable approximation 
for the precision sought here. 

A jet of air issuing from an orifice of area Si under the 
influence of a blowing pressure p, will have an initial 
velocity u given by Bernoulli's law: 

p=pu2/ 2. (6) 

It will carry a volume of air usi per second. Consider 
such a jet blowing axially into the open end of a long 
tube of larger cross-section area s% whose far end is 
closed. The jet stream will mingle with the still air, 
slowing down not only to zero, but in fact reversing 
direction and re-emerging from the open end with a 
velocity — usi/s^. The mass flow is pusi, the velocity 
change is u-\-usi/s2, and the total force exerted on the 
large tube is thus pu2si(l-\~si/s2). Dividing by the area 
of the large tube, and making use of Eq. 6, we find the 
pressure in the large tube is 

p2= 2p{si/so){\-\-Si/si). (7) 

Experiments of this sort, carried out with jets similar 
to those used to blow the flute, bear out Eq. 7 for a 
variety of pressures and tube areas. The pressure built 
up in the large tube is independent of small changes in 
the direction and position of the jet, whether or not it 
is playing against the wall of the tube, thus justifying 
the neglect of wall friction. Because the acoustic particle 
velocity in the flute is small as compared to the jet 
velocity, and because the jet stream slows down in a 
distance short as compared to the wavelength, the 
situation in the flute during each half-cycle is quite 
comparable to the static incompressible situation 
described above. 

While the force available from the jet is thus known 
from the rate of momentum transfer, the pressure which 
this force will develop depends on the cross-section area 
of the region in which the jet slows down. In the flute, 
this region is ill defined; the jet acts partly in the 
mouthhole, whose uncovered area may be 0.5 cm2, 
and partly in the tube, whose area is about 2.5 cm2. 
To examine situations of this sort experimentally, the 
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arrangement sketched in Fig. 9 was made. A long tube of 
1.9 cm i.d. was provided with necks of varying length 
having a diameter of about 0.8 cm. The shortest "neck" 
was simply a hole in a thin metal end plate. The pres
sures built up in the large tube by a jet of 0.315-cm 
diameter, carrying 338 dyn of thrust, are plotted in 
Fig. 9 as functions of the length of neck. The three 
curves are for various spacings of the nozzle, including 
a case where the nozzle extends 4 mm inside the tube. 
Broken Line A is calculated by Eq. 7 for a long tube of 
the small diameter. It is seen that when the neck is 3 
cm or longer, all the important action seems to be 
taking place in the small tube. For shorter necks, the 
pressures drop drastically, but do not reach, even for 
"zero" length, the low pressure (Line B) calculated 
for the large-diameter tube with a back-flow velocity 
dictated by the small-area aperture. It thus appears 
that an aperture in a thin plate still has an effective 
length. Or put another way, there is a transition region 
in the neighborhood of the hole in which velocities of 
motion are changing from that characteristic of the 
large diameter to that of the small diameter, and 
momentum transferred here can result in larger pres
sures that are transmitted uniformly throughout the 
volume. In the flute then, we can expect an acoustic 
pressure to be developed that lies somewhere between 
that calculated using the area of the tube, and that 
using the area of the mouthhole. 

The smoke traces show that the transverse jet motion 

is large, and it seems reasonable to consider the jet to 
be blowing into the tube for a complete half-cycle, 

transferring its momentum all during this time. It 

interacts with a sinusoidal acoustic current of some 

unknown phase </> with respect to the square wave of 

800i 

600 

£400 

200 

500h 

0 
N e c k  L e n g t h  X  .  c m  

10 

FIG. 9. Pressure produced by a jet blowing into the cylindrical 
can as a function of neck length. Jet pressure 1.0 cm water, 
average initial velocity 1944 cm sec-1, flow 145 cm3 sec-1. Curve 
A, pressure calculated for infinite neck length. Curve B, pressure 
calculated for zero neck length. Jet spacings d as marked. 

0.2 0.5 

FIG. 10. Acoustic 
oscillation pressures 
as a function of blow
ing pressure for a 
variety of blowing 
conditions and fre
quencies. Curve A: 
pressure calculated 
from mouthhole area. 
Curve B: pressure 
calculated from flute-
tube area. 

B l o w i n g  P r e s s u r e ,  i n .  w a t e r  

pressure, and the effective rms value of such a square 
wave of pressure, with regard to power delivered to the 
fundamental, will be V2/V times the maximum pressure 
p-2. Using Eq. 7, we can write the magnitude of the rms 
acoustic pressure generated by the jet as: 

2V2 /sA/ si 
P i = — P [ -  ) ( i + -

7T \ s J \  S2 

(8) 

Here p is the blowing pressure, Si the area of the lip 
aperture, and s-2 an effective area that lies somewhere 
between that of the flute-tube cross section and that of 
the embouchure hole. 

Equation 8 is plotted as the two straight lines in 
Fig. 10, with Si the blowing-tube area. The upper line 
represents a choice for s2 of 0.5 cm2 (the embouchure-
hole area) and the lower line an area of 2.81 cm2, the 
flute-tube area. The points between are the actual 
observed values of rms acoustic pressure generated. 
These are obtained from the jet-impedance experiments 
described earlier and represent values obtained using a 
wide variety of lip spacings, oscillation pressures, and 
operating frequencies. All these fall between the lower 
and upper bounds given by Eq. 8; a mean line through 
the set lies about a factor of 2 above the lower bound, 
a value consistent with the findings displayed in Fig. 9 
for a short neck. Measurement of the static pressure 
built up in a flute head by the blowing jet directed just 
below the embouchure edge, gave a value about 1.5 
times that calculated from Eq. 7 when the flute-tube 
diameter was used for s2, again showing the influence 
of the restricted mouthhole in raising the pressure. No 
measurable suction is developed when the jet is directed 
across the hole and above the embouchure edge. 

While exact values undoubtedly depend somewhat 

on the particular geometry of the mouthhole and the 

blowing conditions, it seems safe to state that the 

acoustic pressure generated by the jet will lie in the 

neighborhood of twice the blowing pressure, times the 

ratio of the area of the lip aperture to the area of the 
flute-tube cross section. 
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IX. SOUND-POWER PRODUCTION 

The oscillation pressure in the sounding flute will 
reach an equilibrium when the jet impedance, as defined 
earlier, equals the negative of the impedance looking 
into the flute at the plane of the mouthhole. At the 
natural passive resonance frequency of the system, this 
impedance will be real. If the phase of the jet impedance 
is such that it in turn is real and negative (which re
quires a specific combination of jet velocity and lip 
distance), the oscillation will take place at the resonance 
frequency of the system and will build up in amplitude 
until the magnitudes of the impedances match. Since 
the jet provides a nearly constant-pressure system, 
its apparent impedance falls inversely as the acoustic 
current rises. At the same time, the nonlinear effects 
described in Fig. 4 cause the resonator resistance to 
rise so the two come to a definite equilibrium point. 
If the acoustic oscillating current at this point is i'o, 
the acoustic power generated is pjVo- The power ex
pended in blowing is pus\. The generating efficiency is 
the ratio of these two, and using pj— Ipsi/s-i, we find: 

GENERATING EFFICIENCY=2t)0/52W. (9) 

Now 2VQ/SO is just the sound particle velocity in the 
region where the jet is interacting. The generating 
efficiency is thus equal to the ratio of the sound-particle 
velocity to the jet velocity. It is clear that the energy 
loss takes place because in slowing down the rapidly 
moving jet, momentum is conserved, but energy is 
necessarily lost. The actual value that v0 attains is set 
by the losses in the flute tube. Calculations from the 
acoustic pressure measured by the microphone and the 
measured jet impedance show the generating efficiency 
is low—about 2.4 % at A-440. Even if the resonator 
were completely lossless, however, v0 could not rise 
much beyond the point where the acoustic particle 
velocity in the mouthhole equaled the jet velocity, for 
at this point there would no longer be anything to push 
against. We estimate the efficiency at this point at about 
4%, so the mechanism of sound generation in the flute 
is inherently a very inefficient one. 

Of the acoustic power generated, only a small fraction 

is radiated. The radiation resistance of a small isolated 

source is irpc/X2. The flute, under most circumstances, 

has two sources, one at each end. The one at the mouth

hole has slightly less current, owing to the taper and 

the end correction, but is partially baffled by the player's 

head. Over the first two octaves, it is nearly as strong 

a source as the open end. The two interfere to some 

extent; but the effects are not large, amounting to an 

increase of 20% or so in the radiation resistance. Using 

these calculated values, and the total losses measured 

as in Fig. 4, we find that at 440 Hz only 3.3% of the 

acoustic power generated is radiated as sound. The 

over-all efficiency at this frequency then comes to 

8X10-4, a value lying within the range reported by 

Bouhuys.10 The efficiency will rise with frequency 
because of the increased radiation resistance. 

X. FREQUENCY PULLING 

When the jet velocity and lip-to-edge distance are 
not such as to make the jet impedance real, the steady-
state condition will be one in which the frequency is 
shifted to introduce a reactive component equal and 
opposite to that of the jet. Inspection of the spirals of 
Figs. 5, 7, and 8 makes it apparent that reactive com
ponents as large as the real components—i.e., jet 
phases 45° away from the negative real axis—may 
readily occur and still leave enough real component to 
sustain the losses. Since the real (loss) part of the 
resonator impedance must equal the negative real 
component of the jet impedance, the frequency shift in 
this case will be such as to introduce a reactive com
ponent equal to the resistive component of the resonator 
impedance, or a shift Af— f/2Q. We may thus expect 
frequency shifts of at least this much as blowing con
ditions are varied. From Fig. 4 and Formula 1, we find 
the Q at 440 Hz to be about 30, and thus we expect to 
find frequency shifts of about ±30 cents. This is quite 
consistent with those measured on an artificially 
excited flute.9 We may also infer from Ref. 9 that the 
flutist ordinarily operates so as to maintain the phase 
of the jet impedance at 180°. 

While the impedance spirals, and the measurements 
of frequency shift show clearly that a specific arrival 
phase of the impulse is required for zero frequency 
shift, they do not tell us what the required phase is. 
This is because the actual momentum transfer takes 
place over a distributed region of the tube, and selection 
of a particular arrival time is arbitrary. Since it is 
known, however, that a sound field produces its major 
influence on the jet immediately after the jet leaves the 
aperture, we might ask what travel times, from the jet 
to the edge, are required to produce an acoustic pressure 
in phase with the ingoing (negative) current. 

An examination of the data from many experiments 
shows that the 180° phase condition is obtained when 
the travel time of a jet particle across the gap is about 
0.2 of a period. Remembering that the jet wave travels 
at about 0.4 the initial stream velocity, this corresponds 
to a travel time of \ a period for a jet disturbance. The 
oval mouthhole geometry did not lend itself to a more 
precise determination of this number. 

XI. DISCUSSION 

Cremer and Ising5 have approached the description of 
the organ pipe in a manner similar to that of this paper. 
In their model, they consider the resonator and jet as 
coupled systems whose transfer functions must com
bine to unity. The jet is assumed to inject its pulsating 
current into the resonant system in such a way as to 
create a driving pressure against the impedance of the 

10 A. Bouhuys, J. Acoust. Soc. Amer. 37, 453-456 (1965). 
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mouthhole. Such a model leads to a driving pressure 
directly proportional to the jet volume velocity. To 
account for their experimental result that the driving 
pressure was directly proportional to the square of the 
initial jet velocity (Fig. 10 of Ref. 5), they hypothesized 
that entrainment of air by the jet increased the injected 
current over that of the jet alone, and that this entrain
ment varied with jet velocity in just such a way as to 
give a square-law result. The momentum concept 
presented here in Sec. VIII, however, gives directly the 
square-law dependence, whether or not entrainment 
takes place. In a current-drive concept, there is an 
uncertainty as to the proper place to insert the jet 
current in an equivalent electrical circuit. In the real 
case, it is distributed over the region conventionally 
represented by the lumped reactance of the mouthhole 
mass, and alternately, flows in either direction through 
a portion of this region. Cremer's assumption that it is 
injected between the main resonant column and the 
mouthhole impedance is hard to justify. The quantita
tive results to date indicate that the main features of 
the drive mechanism can be accounted for by the jet 
momentum, and the volume of gas inserted does not 
play a major role. 

Ingard and Ising8 show that nonlinear acoustic losses 
in an orifice are affected by a superimposed steady 
flow. This raises the question of whether part of the 
measured effect of the jet represents a modification of 
the turbulent losses, which are certainly present at the 
mouthhole. There is also a question of the extent to 
which the puffs of air from the jet passing outside the 
wedge contribute directly to the radiated sound. The 
volume velocities of the jet current and the oscillating 
sound current are quite comparable in many cases. 
Neither of these questions has been investigated. 

As pointed out in Sec. Ill, the present work was 
restricted as much as possible to the case of sinusoidal 
oscillations. While this is helpful in simplifying the 
physical picture of what is going on, and is not too bad 
a model for the flute, the organ pipe is ordinarily con
structed to be rich in harmonics and to operate with a 
jet configuration giving short impulses. Elder and 
Fasnacht11 have investigated the velocity and pressure 

11 S. A. Elder and W. E. Fasnacht, J. Acoust. Soc. Amer. 42, 
1217(A) (1967). 

conditions at the mouth of a diapason organ pipe, and 
point out the importance of the complex waveform in 
influencing the jet. The interaction of complex sinuous 
waves on the jet (which show some variation of phase 
velocity with frequency5) with the waveform from a 
resonator whose modes are not exact harmonics, is 
a subject whose scope is attested to by the variety of 
tone colors achieved in the pipe organ. Benade and 
Gans12 have investigated for reed and brass instruments 
the effect of inharmonicity of the modes of the resonator 
on the regeneration, and find that it is greatly facili
tated in a horn whose resonance frequencies are close 
to a harmonic series. Detailed treatment of regeneration 
in the case of nonsinusoidal oscillations has yet to be 
attempted. 

XII. CONCLUSION 

The acoustic driving force represented by the 
momentum of the blowing jet is converted into an 
alternating acoustic pressure on the oscillating air 
column in the immediate neighborhood of the mouth
hole. The phase of this alternating pressure with respect 
to the alternating acoustic current depends on the 
lip-to-edge distance and the propagation velocity of a 
wave on the jet, which is approximately 0.4 the initial 
jet velocity. The magnitude of the driving pressure is 
directly proportional to the blowing pressure and the 
area of the lip aperture. In order to maintain the driving 
force in proper phase relation with the acoustic current, 
the flutist increases the blowing pressure and decreases 
the lip-to-edge distance with ascending frequency. He 
can independently control the amplitude of oscillation 
by varying the area of the lip aperture. The octave 
jump can readily be controlled by choosing pressures 
and lip-to-edge distances such that the phase condition 
for oscillation in the desired mode is satisfied, while that 
for the other mode is not. The momentum transfer 
concept, and recognition of the phase condition for 
jet arrival, provides a theoretical basis for the descrip
tion of the sound generating mechanism of acoustic 
oscillators of the flute family. 

12 A. H. Benade and D. J. Gans, "Sound Production in Wind 
Instruments," Proc. Conf. Sound Production in Man, New York 
Acad. Sci. (Nov. 1966). 
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ACOUSTICS OF THE FLUTE 
When viewed as a positive-feedback oscillator, 
with a resonance frequency, energy input and loss mechanisms, 
the flute displays properties that explain physically 
how the performer adapts his technique to sound the instrument 
over its three-octave range. 

JOHN W. COLTMAN 

IN THE LONG HISTORY of scientific in
vestigation of musical instruments the 
flute has been given particular atten
tion, primarily because of its apparent 
simplicity. Yet many of the physical 
factors that determine its behavior 
have not been well documented. In 
my experiments I have tried to look 
at some of these factors quantitatively, 
concentrating on a comparison of the 
passive resonance and blown frequen
cies of the flute, on the details of the 
blowing mechanism at the mouth hole, 
and on the energy conversion and 

losses of the instrument when it is re
garded as an oscillator with a resonant 
circuit and nonlinear feedback. It 
turns out that the momentum and ar
rival time of waves on the blowing jet 
determine the loudness and pitch of 
the sounded note. Details of the flut
ist's empirically learned technique can 
be explained in these terms. 

Construction and characteristics 

The flute is a member of a family of 
instruments that includes the piccolo, 
fife, recorder, organ pipe, ocarina, 

shakuhachi, and all sorts of whistles, 
pan pipes and folk instruments, all of 
which are set into oscillation through 
blowing across an orifice. The modern 
orchestral flute is an essentially cylin
drical tube, about two thirds of a 
meter long and 1.9 cm in diameter 
(see figures 1 and 2). The lower 
portion of the tube is pierced laterally 
with finger holes that can be covered 
or uncovered at will with a set of keys 
controlled by the fingers. The upper 
third of the tube (the head joint) is 
slightly tapered, diminishing in 

FLUTE is blown by directing air stream to strike edge of mouth hole; air column oscillates at sounding frequency. —FIG. 1 
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ORCHESTRAL FLUTE, a nearly cylindrical tube about two thirds of a meter long and 1.9 cm in di
ameter. It is open at botb ends, as the mouth hole is not covered in playing. —FIG. 2 

diameter to about 1.73 em at the end. 

Near the upper end is a somewhat 
smaller hole, the mouth hole or em
bouchure, across which the performer 
directs a small flat stream of breath 
so that it impinges on the opposite 
edge of the hole. Shortly above this 
hole the tube is closed with a cork or 
stopper. 

The essential characteristics of a 
musical sound are its pitch, loudness 
and tone color. These correspond to, 

but are not necessarily identical to, 
the physical quantities of frequency, 
radiated power and harmonic content. 
It is by the time variation of these 
quantities that the artist produces 
what is termed music, and his ability 
to control them determines the musical 

As well as being director of Mathe
matics and Radiation at the Westing-
house Research Laboratories in Pitts
burgh, John W. Coltman collects flutes. 
He pursues the research described here 
as a hobby, with experiments carried 
out in his basement "with home-made 
equipment and a very modest budget." 
He took his PhD at the University of 
Illinois in 1941 and has worked in 
microwave-tube development and elec
tronic imaging. He is now responsible 
for the departments of mathematics, 
computer sciences, quantim elec
tronics, applied physics and undersea 
technology at Westinghouse. 

value of the results obtained. The 

flute has a frequency range of three 
octaves, from C4 (middle C, 262 Hz) 
to C7 (2096 Hz). The various fre
quencies are produced by alterations 
in both the fingering and in blowing. 

The rapidity with which this can be 
done by a skilled performer is truly 
astonishing, and the flute is unexcelled 
for its ability to execute rapid musical 
passages. Its radiation power is, how
ever, very low, particularly in the 
lower register, and it is in this respect 

the weakest of the orchestral instru
ments. Its tone quality is generally 
described as "clear and limpid," that 
is, the sound is less rich in harmonics 
than that of most other instruments. 

We will look at the flute as a simple 
oscillator, consisting of a resonant cir

cuit and a nonlinear feedback mecha
nism that converts the direct current of 
the breath to the alternating current 
and pressure in the acoustic resonator. 
We will deal primarily with the funda
mental frequency of this oscillation; 
the question of harmonic content, and 
therefore of tone quality, is not taken 
up. 

Resonance modes 

The frequency of the emitted sound 
is approximately that of one of the 

resonance modes of the tube. As a 
first approximation we may consider 
the flute to be a cylindrical tube open 

at both ends, so that it will resonate at 

frequencies such that 1, 2, 3 . . . half 
wavelengths fit in the tube. The 

lowest mode has a maximal acoustic 
current (volume velocity) at each end 
and a single pressure maximum in the 
center. The next higher mode is ap
proximately one octave above this, 

with two pressure maxima inside the 
tube. The length of the tube is de

termined by keeping closed the finger 
holes in the upper portion of the in

strument, leaving all those below a 
certain point open, effectively termi
nating the tube at a point near the 
first open hole. It is necessary to pro

vide finger holes only in the lower 
half of the instrument. These suffice 
to produce the notes in the first octave; 
the performer can then, by suitable 

alterations in lip configuration and 
blowing pressure, force oscillation in 

the second mode, and repeat the pro
cess of successively shortening the 

tube as the scale of the second octave 
is ascended. The third octave could 
be similarly achieved using the fourth 
mode, but as now several half wave
lengths can fit within the tube pres
sure nodes occur at points near finger 
holes, and the performer can vent 
one or more of these nodes to prevent 

relapse into a lower mode. Thus 
fingerings for the third octave resem
ble those of the first two, but generally 
are more complex. 

Such a rough description suffices 
for a general understanding of what 
is going on but is far from adequate 
for design purposes. To be musically 
acceptable the pitch of an instrument 
should be determinable within about 
five cents. (A cent is 1/100 of a 
semitone, a frequency increment of 

about six parts in 10 000.) Although 
the performer has some control over 

the emitted frequency, he must start 
with the natural resonance of the tube-
and-hole system, and the perfection 
of intonation is highly dependent on 

the proper placing of the finger holes. 
This subject was first scientifically at

tacked by Theobald Boehm1 who in
vented, about 1847, the modern flute 

that bears his name. The subject of 
finger-hole placement has been dis-
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cussed theoretically by E. G. Richard
son2 and will not be taken up here 
except to present some quite precise 
measurements of the degree to which 
a single sample of a modern instru
ment approaches the desired perfec
tion. These measurements show that 
some compromise has been found 
necessary to obtain the wide range. 
Certain deficiencies have been pointed 
out by Robert Young,3 and the varia
tion in designs by different manufac
turers suggests that work is still to be 
done for the best compromise. 

Our interest here is directed at the 
deviations from the first-order treat
ment that are caused by the taper of 
the head joint, the variable coverage 
of the mouth hole by the performer's 
lip, variations in the velocity of sound 

in the tube, and the blowing mecha
nism itself. In particular we want to 
know how the sounding frequency is 
related to the passive resonance fre
quency of the system. 

Frequencies: resonance and blown 

I have made a series of measurements4 

of the passive resonance frequencies 
of a flute with the stopper replaced 
by a small condenser microphone that 
gave a measure of the internal acoustic 
pressure developed at the mouth hole. 
The lower half of the flute was en
closed in an acoustically "dead" en
closure, which also contained a small 
loudspeaker driven by an external 
oscillator. Appropriate keys were 

closed as desired with spring clips, 
and a plastic cover partially closed 
the mouth hole to simulate the cov
erage of the lips. Each simple reso
nance curve obtained in this way for 
microphone pressure as a function of 
frequency has a maximum that de
termines accurately the passive reso
nance frequency for a given fingering 
and mode. 

Figure 3 shows in black the results 
of these measurements. Plotted there 
are the deviations, in cents, from the 
frequencies of the A440 equal-tem
pered scale. The chief feature of the 
curve is the trend from very flat at 
the lower frequencies to quite sharp 
at the upper frequencies. There are 
also irregular departures from this 
smooth progression. The progressive 
sharpening of the passive resonance 
frequencies is, as we shall see later, 
an intentional and desirable effect. 
The irregularities, however, are un
desirable; in general they result from 
forced compromises in tone-hole posi
tion. 

The major contributor to the 
sharpening trend is the taper in the 
head joint, which has been discussed 
at some length by Arthur Benade and 
J. W. French.5 They point out that 
a tapered section on a cylindrical tube 
(or similarly a straight section on a 
conical tube, as in the old-style flute) 
has the effect of "stretching" the 
octave, that is, the second mode of 
such a system is somewhat sharper 
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RESONANCE FREQUENCIES of the flute shown as deviations from the equal-tem-
pered seale. In black is the passive resonance frequency obtained by driving the cold 
instrument by an oscillator and loudspeaker. Colored line shows frequencies produced 
by blowing, with noticeable reduction in the deviation. —FIG. 3 

than just twice the frequency of the 
fundamental. Comparisons of my 
measured points with their values cal
culated for a tapered-head cylinder 
verifies the expected trend, but I 
found irregular departures4 caused by 
the cavities formed by the closed 
finger holes, and by the structure be
low the first open hole. 

The frequencies produced when the 
flute is sounded by blowing are not 
the same as those shown in the black 
curve of figure 3. A careful set of 
sounding-frequency measurements on 
the same flute are plotted as the col
ored curve in figure 3. They show 
the same irregularities as the passive 
frequencies, but the general sharpen
ing trend is much less. This curve ap
proaches much closer to the zero-
deviation line throughout the scale. 
Two kinds of causes produce the dif
ference between the two curves; 
those that represent alterations in the 
natural resonance frequency of the 
system, and those that belong to the 
blowing and sounding mechanism it
self. 

Alteration of the natural resonance 

The resonance frequencies of the sys
tem when blown may differ from 
those measured in the enclosure be
cause of changes in the amount by 
which the lips close off the mouth 
hole and alterations in the velocity of 
the sound in the tube. The perform
er's breath, which has a different 
composition and temperature from the 
air in the flute measured cold, causes 
the velocity change. Surprisingly the 
carbon-dioxide content of the breath 
(about 2.5%) is significant, reducing 
the velocity of sound by an amount 
that flattens the notes by about 12 
cents. The temperature in the flute 
varies from about <2&y*C at the 3o*5 
upper end to 25.8°C at the lower 
end, when played in an ambient tem
perature of 21°C. With these values, 
and including the effect of water-
vapor content, we can calculate the 
sharpening effect to be from 17 to 19.5 
cents. 

The remaining discrepancy between 
resonance and sounding frequencies 
can be wholly accounted for by the 
variation in mouth-hole coverage by 
the performer's lips. Photographs, 
from which the sketches of figure 4 
were made, show that the lips are 
progressively pushed forward as the 
scale is ascended, and the concomi
tant increase in inductance of the 
mouth hole accounts for the remaining 
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LIP POSITIONS at the mouth hole. This sketch shows the change in lip-to-edge 
distance for Ct (withdrawn) through E- to Co (advanced). —FIG. 4 

frequency difference. As a final over

all check the flute was arranged in its 
enclosure so that the passive reso
nance frequency could be measured 
with the lips in position and so soon 
after playing a given note that the 
air temperature and composition had 
little time to shift. The frequency 
differences found were only a few 
cents, both positive and negative, and 
do not follow any particular trend. 

The mean of the set is about +2 

cents, and we conclude that in normal 

playing the sounding frequency is very 
close to the actual resonance fre
quency of the system. We see also 
that the purpose of the taper in the 
head joint is to counteract the ellect 
of the pushing forward of the lips. 

It is surprising that the sounding 
frequency is so close to the resonance 
frequency, as it is well known that in 

flutelike instruments with fixed whistle 
mouthpieces large frequency varia
tions arise from changes in blowing 
pressure. The variation in lip-to-edge 
distance turns out to be important 
for preventing these frequency shifts; 
it is also the chief means by which 

the flutist controls the mode, or oc
tave, in which the flute will sound. 

Acoustic losses and radiation 

Before discussing the sounding mech
anism we will look briefly at an im
portant property of the resonant sys
tem, the energy loss. The energy in 
the oscillating system may be dissi
pated by several mechanisms, of which 
the most important are viscous and 
thermal losses at the tube walls. The 
viscous losses occur in the boundary 
layer, where the particle velocity 

drops from that of the air column to 
zero at the wall. 

Thermal losses occur here also, 
and are caused by the temperature 

drop across the boundary layer as heat 

is conducted to and from the walls on 
compression and expansion of the air. 
The thermal and viscous effects are 
very closely related and may be ex
pressed by a single formula in which 
an effective viscosity accounts for both 
frictional and thermal losses.0 For 
smooth tube walls the losses are inde
pendent of the tube material. For a 
given acoustic current the loss in a 

halfwave resonant column varies in
versely as the cube of the diameter 

and inversely as the square root of the 

frequency. 
A loss mechanism that may be 

almost as important is the resistance 
associated with the end apertures. 
Here turbulence gives rise to nonlinear 
losses for which, as the acoustic cur
rent is increased, the power losses go 

SMOKE-LADEN JET viewed stroboscopically, for frequency 437 IIz, blowing pressure 0.5 in. water, acoustic current 130 cm3/ 
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up more rapidly than the square of 
the current." In the flute these losses 
are most serious at the mouth hole, 
where the particle velocity is high. At 
normal playing amplitudes this loss 
can he quite large." Figure 5 shows 
the conductance of a flute as a func
tion of the oscillation pressure, mea
sured at the velocity node. The data 
represent the conductance of the two 
halves of a flute on either side of the 
velocity node; curve A looking up the 
tube toward the mouth hole, and curve 
B looking down the tube toward the 
keys. The total conductance, curve 
C, is the sum of these two. The total 
power dissipated at any point on the 
curve can be calculated by multiplying 
this conductance by the square of the 
acoustic pressure at the node. 

If the resistances were linear, the 
curves would be constant, that is, 
straight lines parallel to the pressure 
axis. The small-signal values where 
the curves intercept the zero-pressure 
axis represent the viscous and thermal 
losses. As the oscillation strength in
creases the additional nonlinear ef
fects come into play. The loss factor 
at nominal playing pressure (about 
2200 dynes/cm2 for the G of figure 
5) is half as large again as for small 
signals, and most of this nonlinearity 
occurs in the head joint. This is one 
of the nonlinear processes that brings 
the flute oscillator to a steady-state 
amplitude. 

The smallest dissipation mechanism 
is, disappointingly, the radiation of 
acoustic power as sound. The radia
tion resistance of a small source is 
a function only of the frequency. 
The flute under most circumstances 
has two radiation sources—the open 
end and the mouth hole. Some inter
ference occurs between these two but 

1000 2000 3000 
ACOUSTIC PRESSURE (RMS DYNE CM-2) 

ACOUSTIC LOSS FACTOR (expressed 
as a conductance) as a function of the 
oscillation pressure, looking up from the 
velocity node (a) and down (b). Curve 
C is the sum of these two. Colored line 
shows radiation losses. —FIG. 5 

the effects are not large at low fre
quencies; for our purposes we may 
simply sum the power lost from each. 
The radiation losses at -140 IIz, again 
expressed as a conductance, are plotted 
as the colored line in figure 5. From 
these values we find that the ratio of 
acoustic power radiated to total acous
tic power dissipated, the resonator 
efficiency, is about 3.5''< at 440 IIz. 
Insufficient measurements have been 
made to obtain the resonator efficiency 
at other frequencies, but if we ignore 
the nonlinear effects a comparison of 
radiation and boundary-layer losses 
indicates that the resonator efficiency 
should rise as the 5/2 power of the fre
quency, as the cube of the tube di
ameter, and should be inversely pro

portional to the number of quarter 
wavelengths. 

The bloiving mechanism 

The mechanism by which the oscilla
tions are maintained has been the sub
ject of a certain amount of confusion 
and disagreement. Stroboscopic pic
tures obtained by B. Z. Carriere,0 who 
injected steam into the air jet of a very 
large organ pipe, provide a general 
picture of what is going on. Carriere 
showed directly that the jet stream 
was directed into the tube during 
most of one half cycle and out of the 
tube during the other half. The jet is 
not deflected like a reed but takes up a 
sinuous motion of growing amplitude 
that leads eventually to a set of beau
tifully formed spirals or vortices. 
These waves, which may arise as a 
result of instabilities in the jet inde
pendent of the presence of a splitting 
edge or acoustic feedback, have re
ceived a great deal of attention in the 
literature of fluid mechanics.10,11 In 
the flute the mouthhole edge inter
rupts the stream before vortices are 
well formed. 

I have carried out similar experi
ments to observe these effects in di
mensions more typical of the flute at 
known values of amplitude and phase. 
With an artificial lip on the flute head 
I injected cigarette smoke into the 
center of the jet stream. Sketches 
made from observation with a syn
chronized strobe light are shown in 
figure 6. Blowing-volume rate and 
pressure, and the oscillation amplitude 
while these sketches were made, were 
typical of the flute sounding A440 
mezzoforte. 

Be careful when interpreting these 
pictures: They are simply "snap
shots" of the position of smoke parti-

sec, and particle amplitude 0.14 cm. Maximal current leaves hole for phase angle 90 deg (third picture). FIG. G 
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cles at a given instant. We should 
not infer that individual smoke parti
cles follow a path that looks like 
these traces, nor that the air that 
iloes not contain smoke is motionless. 

The pictures obtained here exhibit 
the same features as those given by 
G. Burniston Brown.11 They show 

an amplitude of lateral motion far 

Flute head Tuning slide 

greater than the amplitude of the ex
citing sound-particle motion at the 

jet, and a velocity of propagation of 
the disturbance that is less than half 
the velocity of the issuing stream. A 
jet can propagate a disturbance with 
reduced velocity and rapid ampli
fication because of action at the 

boundary layer between the moving 

Loudspeaker motor 

Piston 

and still air. Simplisticallv a slight 
deviation of the boundary from a 
straight line results in a tendency for 

it to be "rolled" between the moving 
and still layers, so that the deviation 

grows in size and simultaneously pro
gresses forward at about half the ve

locity of the jet. Brown11 and H. 
Sato10 offer a fuller description and 

discussion of this rather complex set 
of phenomena. For our purposes it 
will suffice to point out that the ac
tion important to sound generation 
in the flute takes place under condi
tions of strong excitation of the jet 

and short travel distances, so that 
only the very early stages of vortex 
formation are involved. Thus, many 

of the intricacies and subtleties of the 

larger subject of jet instability do not 
bear on our case. 

Measurement of impedance 
Acoustic resistor 

Microphone 

Velocity pickup coil 

c Pickup coil 
Null 

potentiometer 
Detector 

ACOUSTIC IMPEDANCE MEASUREMENT. Piston and loudspeaker motor drives 
the flute at the position of the velocity node; low-compliance microphone near the 
closed end measures oscillation pressure or (when connected as shown through null 
detector) ratio of acoustic pressure to acoustic current. Acoustic resistor is adjusted 
to make tube too lossy for self-oscillation. —FIG. 7 

- -0 .10  

The apparatus shown in figure 7 ex
amines in detail the manner in which 
this oscillating jet interacts with the 
acoustic wave. A cylindrical flute 
head with its sliding tuning joint 
mounted on a short length of pipe 
represents the upper half of a flute 
resonating in a quarter-wave mode. 
At the position of the velocity node 
a massive piston, sealed with a thin 
rubber membrane, terminates the 
tube. The piston is driven at the de
sired frequency by a loudspeaker 

motor, and a pickup coil enclosed in 
a small magnetic yoke provides a 
measure of the piston velocity. Near 
the closed end is a low compliance 
microphone. Opposite this is a vari
able acoustic resistance consisting of 
a bundle of very small glass capillaries 
that could be closed off with a rubber 
pad. The microphone gives a measure 

of the oscillation pressure, and it 
could also be connected, as shown, 
to a null circuit to measure the ratio 

of acoustic pressure to acoustic cur
rent. Thus the real part of the im
pedance looking up the tube can be 
read from the potentiometer. This 

impedance can always be made real, 
either by shifting the frequency or 
changing the tube length at the tuning 
slide. Adjustment of the acoustic re
sistor ensures that the tube is too 
lossy to go into self-oscillation when 

the jet of air is blown across the 
mouth hole. 

By comparing tube lengths and po
tentiometer readings for null output 
with and without the blowing jet, 

and with the usual transmission line 

equations,*' the ellective impedance of 

COMPLEX ACOUSTIC IMPEDANCE of the jet as seen from inside the tube at 
the mouth hole. Colored numbers show blowing pressure (in. water), and the dark-
colored areas represents resistive (lossy) condition. Parameters are: acoustic cur
rent, 28 cm' sec"1 rms; frequency, 440 IIz; jet area, 0.072 .cnr. —FIG. 8 
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the jet as seen from the acoustic cir
cuit at the plane of the mouth hole 
can be measured. In view of the 
nonlinear nature of many of the ef

fects, the word "impedance" is used 
here in a restricted sense, as its value 
is not independent of the acoustic 

current. At any given oscillation level, 
however, it has a specific value, which 
when multiplied by the known acous
tic current at the plane of the mouth 
hole will give the induced back pres
sure. 

This jet impedance was experi
mentally determined for a large vari
ety of operating conditions. An ef
fective way to present the results is 
to show a trace of the jet impedance 

in the complex plane as the blowing 
pressure is varied, holding the blowing 
geometry and the oscillation level con
stant. Such a trace is shown in fig
ure 8. The coordinates are impedance 
values relative to the characteristic 
impedance of the cylindrical tube. 
A positive real value (resistance) rep
resents energy loss, a positive imag
inary value an increased inductance, 
a negative real value an energy gen

erator, and a negative imaginary value 
a capacitance. Each point on the 
curve represents the effective im
pedance of the jet itself for the blow

ing pressure indicated. 

Variation of impedance with pressure 

The impedance ascribable to the jet 
is a smooth, well behaved function of 
blowing pressure over the entire range. 
Its magnitude decreases monotonieallv 
as the pressure is reduced, and its 
phase, which is determined by the 
arrival time of a disturbance on the 
jet, rotates clockwise over more than 
two complete cycles. Starting at the 
outer edge where the blowing pres
sure is about 0.56 inches of water, 

we see the impedance is real and neg
ative; such a condition would over
come the losses in the tube if the arti
ficial resistance were removed, and 
would result in oscillation at large 
amplitude at the natural resonant fre
quency of the tube. At a higher 

blowing pressure the impedance has a 
capaeitive component that will make 
the frequency sharp. At lower blow
ing pressure (0.3 inch), the inductive 

-0.05 

Generating Resistive 

ACOUSTIC IMPEDANCE of the jet for two lip-to-edge distances: 7 mm (curve A) 
and 5 mm (curve B). Colored numbers show blowing pressure (in. water) and the 
other parameters are as defined for the previous figure except for acoustic current at 
the mouth hole, which is here 74 cm" sec"1 rms. —FIG. 9 

eflect makes it go flat, and the real 
component is less negative, that is, 
it could not generate so much power. 
At a pressure of about 0.25 inch the 

phase crosses into the positive real 
domain—the jet now represents a loss 
mechanism and could not possibly 
sound the flute. 

Though the jet impedance varies 
smoothly with blowing pressure, spi
ralling around the origin while its 
magnitude decreases monotonically, it 
represents a possible sound-generating 
mechanism only when it lies in the 
negative half plane. These pressure 
regions are the distinct oscillating 
regimes mentioned by many authors; 
they represent, for each successive 

turn of the spiral, one additional sinu
ous wave on the jet between the point 
of issuance from the lip and the split
ting edge. Only the outermost portion 
of the spiral, representing one half 
wave in this distance, is used in playing 
the flute. 

An examination of the rate of rota
tion of the impedance vector around 
the origin reveals that the propaga
tion velocity of a wave on the jet is 
about 0.4 times the initial air velocity. 
I have obtained similar values12 from 
stroboscopic cine films of a smoke-
laden jet in an oscillating field in 
agreement with those measured by 
Brown11 and calculated by Sato.10 

For oscillation the jet impedance 
must have a negative real component 

as least as large as the real (loss) 
component of the tube impedance, 
which is determined by the losses dis
cussed earlier. The phase of the jet 
impedance is thus of great importance 
to the strength of the oscillation, as 
well as to the resultant frequency. 
This phase is determined by travel 
time, that is, not only by the jet 
velocity, but also by the lip-to-edge 
distance. Figure 9 shows two spirals 
like that of figure 8. Curve A was 
obtained with a 7-mm lip-to-edge 

distance; curve B, with 5 mm. The 
major effect of changing this spacing 

is to rotate the spiral in the plane. 
The two conditions are very different 
from the standpoint of the flutist. 
With a 7-mm spacing (curve A) he 
could achieve a large power input, 
and no frequency pulling, with a 
blowing pressure of 0.6 inch of water. 
With a 5-mm spacing (curve B) the 
same blowing pressure would produce 
less than half the power and would 
raise the pitch of the sound almost 

half a semitone. j' 

The importance of phase is even 
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more apparent when such curves are 
plotted for successive modes of the 
resonant pipe. Proper lip spacing for 

the lowest frequency throws the curve 
for the next higher frequency mode 
almost entirely into the nongenerating 
half-plane. For a shorter lip spacing 
the upper frequency shows favorable 
phases, while the impedance for the 
lower one lies in the lossy half-plane. 
Thus it is through variation of the 
travel time of a jet wave across the 
mouth hole that the flutist exercises 
his choice of the mode that will sound. 
The development of this technique, 
perhaps the most difficult task for 
the aspiring flutist, apparently con
sists of achieving mastery of that com
bination of lip distance and air veloc
ity that will assure a jet-wave travel 
time of about half a cycle at the de
sired frequency. 

Magnitude of the driving pressure 

Multiplication of the measured jet im
pedance by the known acoustic cur

rent at the plane of the mouth hole 
gives the oscillating acoustic pressure 
generated by the jet. Experimentally 
we find this acoustic pressure, which 
is the driving forcc maintaining the 
oscillation of the resonant circuit, to 
be roughly proportional to the blowing 
pressure. It is of interest to see 
if we can account theoretically for the 
magnitudes found, as these values, 
together with the losses and the ra
diation efficiency previously discussed, 
determine the power of the sound that 
the instrument produces. 

A steadily blowing stream of air 
exerts a thrust, or force, given by the 
mass flow times the stream velocity. 

From Bernoulli's law relating veloc
ity, pressure and density, we find this 
force to be 2 Ps, where P is the blow
ing pressure and s the area of the 
aperture from which the stream is 
issuing. If such a stream blows into 
the open end of a long can of cross 
sectional area S the air stream will be 
slowed to zero velocity, and the reac

tion force will develop in the can a 
pressure approximately equal to 2 
P.v/S. 

We may look at the situation in 
the flute as very similar, except that 
the stream flows into the chamber only 
during one half of the cycle, and we 
are interested in the alternating com
ponent of this chopped force. We 

are somewhat at a loss, however, to 
decide what area to divide the force 
by to get the pressure. If the jet 

stream enters the narrow mouth hole 

and proceeds well into the flute tube 
before stopping, we should use the 
area of the flute tube. If it is slowed 
greatly while traversing the mouth 
hole length, we should use the mouth 
hole area. Experiments12 on the static 
pressure built up by a jet blowing 
into a can with constricted necks of 
varying lengths show that consider
able interaction does take place right 
at the entrance aperture. We may 

expect then that the oscillating acous
tic pressure will be somewhat larger 

than P .*/ST where ST is the tube area, 
but less than P.s/S(I, where SM is the 
mouth-hole area. Plots of more than 
40 measurements, taken under a wide 
variety of conditions, do indeed give 
values lying between these limits. We 
see from the above relation that the 
flutist, although compelled to adjust 
the blowing pressure P to fit the phase 
condition, has at his disposal an in
dependent parameter, the lip aperture 
area s, with which he can control 
sound power. 

Efficiency of sound production 

The process of exerting a force on a 
moving object, the vibrating air col
umn, with a much quicker air stream 
that must slow down and mingle 
with it, is necessarily inefficient. 

Mathematically we calculate a gener

ating efficiency, defined as oscillating 
power developed divided by breath 
power expended, about equal to the 
ratio of the acoustic particle velocity 
to the jet-stream velocity. In practice 
this turns out to be quite low, about 
2.4% when sounding A440. This 
efficiency must be multiplied by the 

circuit efficiency (the ratio of radia
tion loss to total loss) to obtain the 
overall sound-generation efficiency. 
Thus we find for A440 an overall ef

ficiency of 8 X 10 4. 
The situation is quite different as we 

go to higher frequencies. Considera
tion of the mathematical expressions 
for viscous loss, radiation resistance, 
acoustic pressure generated and 
change of blowing pressure with fre

quency4 tells us that the radiated 

power should rise as the fifth power of 

the frequency if the lip-aperture area 
were kept constant and the tube 
length continually shortened. Neither 
of these last two conditions arc, of 
course, met over the entire range of 
the instrument. 

Higher and louder 

Studies over a much wider range of 

conditions would fill in the picture of 

flute behavior. Nevertheless the few 
that have been made give us a good 
understanding of the fundamentals. 
We see that the blowing mechanism 

can force the flute flat or sharp com
pared to resonance, depending on the 
arrival phase of the amplified jet 
disturbance. The performer can, how
ever, stay near resonance and at the 
same time keep required pressure 
changes at a minimum by shortening 

the lip-to-edge distance as frequency 
is increased. In general, a proper 
phase of arrival for a desired note 
automatically excludes the possibility 

of oscillation in an undesired mode. 
The blowing pressure the flutist 

must use is set by the phase condition 
and must rise with frequency. The 
acoustic power generated also rises 
with pressure, but it can be indepen
dently modified by varying the area 
of the lip aperture. 

The generating efficiency is low be
cause the fast moving jet colliding 
with the slowly moving vibrating air 
passes on its momentum but dissipates 

most of its energy. The radiation re
sistance is low compared to the viscous 
resistance, but rises rapidly with fre
quency; because pressure also goes 

up, the sound power level mounts 
very rapidly with frequency. 

And that is why, as the band cre-
scendos into the grand finale, the flute 

player abandons his instrument and 
pulls out of his pocket a piccolo. 
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Sound Radiation from the Mouth of an Organ Pipe 
JOHN W. COLTMAN 
3319 Scathelocke Road, Pittsburgh, Pennsylvania 15235 

A double-ended organ pipe, symmetrical about its midplane, was blown at 
one of its mouthpieces, and radiation patterns were observed in an anechoic 
chamber. The sharp nulls on the midplane show that the unexcited end 
is very nearly as strong a source as the blown end. Thus, the blowing jet 
current, even though chopped by the switching action, does not contribute 
materially to the radiated sound. This also implies that the jet current 
does not contribute directly to sustaining oscillations in the pipe. 

THE SOUND OUTPUT OF WIND INSTRUMENTS IS ORDINARILY VIEWED 
as resulting from the acoustic oscillations of the resonant air 
column within the instrument. In reviewing an earlier paper,1 

R. W. Young raised the question of whether the switched blowing 
jet of the flute or organ pipe contributed directly to the sound. 
The volume velocity of the blowing jet in many cases exceeds 
that of the acoustic current. If there exists any large difference 
in the ability to launch a radiated pressure wave, depending on 
whether the jet is blowing inside the pipe or outside of it, then 
one should expect a sizable contribution to the sound from the 
jet itself. 

The question also bears directly on a proposition by Cremer 
and Ising2 that the primary means of sustaining oscillation in an 
organ pipe is the pressure built up by the jet current inserted 
behind the impedance of the mouthhole. If this is indeed so, then 
during the inward half-cycle markedly less jet current flows into 
the surrounding space than during the outward half-cycle, pro
viding a current modulation that would give rise to a strong 
sound radiation. 

To test for the presence of this effect, I constructed a double-
ended open organ pipe having a mouthhole and blowing jet at 
each end. The wooden pipe had a square cross section 1.94X1.94 
cm (inside) and a length from one lip to the other of 65.23 cm. 
The rectangular mouthholes were 1.31 cm wide and 0.9 cm high. 
Symmetry about the midplane was maintained in all dimensions 
to a fraction of a millimeter. 

When such a pipe is set into oscillation in the second mode 
(approximately one wavelength between the open ends), the 
acoustic currents at the two apertures will be equal and 180° 
out of phase, i.e., air is entering one hole as it leaves the other. 
Thus on the plane bisecting the long axis of the pipe, one expects 
complete destructive interference of the radiated sound. If, how
ever, the pipe is being excited by blowing at one end only, and the 
jet is contributing directly to the sound radiation in the manner 
described earlier, then the jet contribution would be readily 
apparent in the asymmetry of the radiation pattern and the 
absence of a null on the plane of symmetry. 

The pipe described above was mounted horizontally, mouth-
holes up, in an anechoic chamber, and the sound pressure mea
sured on a horizontal circle of 69.8 cm radius about the center of 
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FIG. 1. Solid line: Measured radiation pattern of the fundamental on a 
circle of 69.5 cm radius about the pipe. Second mode sounding 469 Hz, 
blown end at 0°, passive end at 180°. Broken line: Calculated pattern for 
two sources of strength 162 cm3 sec"1. 

the pipe. The pipe was blown at a pressure sufficient to sound it 
in its second mode at 469 Hz, and all measurements described 
below are for this condition. The air temperature was 24.5°C. 
The sound measurements were made through narrow-pass filters 
so that each of the harmonics could be measured separately. 

Patterns for the 469-Hz frequency and three upper harmonics 
were obtained. Figure 1 shows (solid line) the pattern observed 
for 469 Hz. The broken line is a pattern calculated on the assump
tion of two equal simple sources 180° out of phase located at the 
centers of the mouthholes. The small discrepancies are ascribed 
largely to errors in the angle-measurement apparatus, and to 
stray reflections from mounting structures, since they exhibit 
departures from mirror symmetry about the long axis of the pipe. 
The most important observable, however, is the depth of the 
nulls that occur at right angles to the pipe axis. These were 
measured separately; the value at the null providing a direct 
measure of the difference in strength of the two sources. 

The sound pressure p due to a simple source of strength (volume 
velocity) q at a distance R is given by p = p/q/2R. For two simple 
sources the pressure at any point may readily be calculated from 

TABLE I. Source strengths calculated from sound-pressure measurements 
of the first four harmonics of the pipe sounding in its second mode. Blowing 
volume velocity 236 cm3 sec-1. 

Harmonic Frequency 
(Hz) 

Mean strength 
of one source 

(cm3 sec-1, rms) 

Residual strength 
of source 

(cm3 sec-1) 

1 469 162.0 -1.8 
2 938 10.0 0.19 
3 1406 6.2 0.44 
4 1875 0.78 -0.09 

the known distances and phases. For each of the patterns, a value 
of q was found that gave a calculated pattern close to the ob
served one. The mean value of the residual pressure at the nulls 
at 90° and 270° was then used to calculate the strength of a 
source that must be added at the location of and in phase with 
that at the blown end to account for the residual pressure. These 
values are listed in Table I. 

It is at once apparent that the contribution of the blowing jet 
is very small. The blowing current for which these measurements 
were taken was 236 cm3/sec, so that the alternating acoustic 
current which might be ascribed to the jet from Table I is less 
than one percent of the flow. Moreover, two of the values 
(including the largest one, for 469 Hz) are negative; that is, the 
blown end of the pipe is the weaker of the two sources. That this 
effect is associated with the blowing rather than with geometrical 
errors was checked by leaving all geometries undisturbed, but 
opening and closing pinch cocks so as to blow from the opposite 
end. A nearly identical pattern was obtained, with the slight 
but perceptible difference in sound pressure observed near the 
two ends now reversed. 

For the case examined, which is in no respect atypical, it can 
be stated that the direct sound produced by the jet in the first 
four harmonics is practically negligible. I am led thus to believe 
that the jet current itself has essentially no alternating component 
with respect to a boundary that might separate "inside" from 
"outside" the pipe. It appears that the jet motion as it crosses 
the mouthhole is quite susceptible to any pressure differences 
that might arise, so that at no time is the acoustic flow in and 
out of the hole supplemented by a corresponding net jet flow. 
Since no modulated jet current appears to be active outside the 
pipe, it follows that its complement, the modulated current inside 
the pipe, is also zero. This experiment thus upholds the view 
stated in reference 1 that the jet momentum, rather than the jet 
current, maintains the acoustic oscillations of the pipe. 

Thanks are due to R. Musa and the Westinghouse Research 
Laboratories for the use of their facilities. 

1 J. W. Coltman, "Sounding Mechanism of the Flute and Organ Pipe," 
J. Acoust. Soc. Amer. 44, 983-992 (1968). 

2 L. Cremer and H. Ising, Acustica 19, 143-153 (1963). 
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Effect of Material on Flute Tone Quality 

John W. Coltman 

3310 Scallielocke Road, Pittsburgh, Pennsylvania 15235 

Three keyless flutes of identical internal dimensions were made of thin silver, heavy copper, and wood, 
respectively. They were played out of sight of musically experienced observers, who were asked to determine 
only whether tones were alike or different. Xo statistically significant correlation between the listeners' 
scores and the material of the instrument body was found. Flutists who played the flutes, using an arrange
ment to eliminate visual or tactile clues, were unable to identify again a previously selected instrument. 

INTRODUCTION 

The role that the wall material plays in determining 
the tone quality of wind instruments has long been a 
subject of argument. Laboratory measurements of 
sustained tones in artificially blown instruments1 '2 

generally show no evidence that the wall material has 
an appreciable effect. In spite of these experiments, 
instrument makers, players, and listeners continue to 
insist that the nature of the wall material does have 
an effect on the instruments' sound. Metal clarinets 
are considered suitable only for use in school bands. 
The silver llute is the accepted standard in most 
countries today, though symphony players insist on 

, * retaining wood for piccolos. Not only the nature of the 
material, but the thickness of the wall is considered 
important. Many makers of quality flutes strive to 
make the wall as thin as is consistent with mechanical 
requirements. At the same time, high density is con
sidered desirable. Varese wrote a composition entitled 
"Density 21.05" to celebrate the platinum flute played 
by America's most famous flutist, Georges Barrere. 

Thus, there is a marked discrepancy between the 
results of laboratory measurement and the opinions of 
users. It has become apparent3 that harmonic content 
of steady tones is not sufficient to characterize an 
instrument and that listeners generally depend on 
transitory effects for identification. Moreover, from 
the player's standpoint, the "responsiveness" of the 
instrument, that is, the ease with which sounds can be 
produced and modulated, is an important aspect that 
may be independent of the character of the resultant 
sound. This also brings into question the pertinence of 
laboratory measurement of steady tones. 
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In all of these discussions (which, as Backus4 points 
out, probably started in early Stone Age circles with 
assertions that a flute made from a human thigh bone 
had a much better tone than one made from a stick of 
bamboo) there is an almost complete absence of reports 
of controlled objective experiments directed toward 
determining the degree to which listeners and players 
could, in fact, discriminate between instruments made 
of various materials. It therefore seemed worthwhile 
to carry out the two experiments described below, 
which attempt to elicit evidence toward this question, 
both for listeners and players. 

I. CONSTRUCTION OF THE FLUTES 

Three keyless flutes were constructed of silver, 
copper, and wood. These were all of internal diameter 
1.90 cm. The silver tube was a piece of stock from which 
professional silver flutes are made and had a wall 
thickness of 0.036 cm. The copper-tube wall thickness 
was 0.153 cm, making it more massive than the silver 
tube by a factor of 4.0. The third tube was of grenadilla, 
a wood frequently employed for woodwinds. The wall 
thickness was 0.41 cm, a typical dimension for wooden 
flutes. It weighed 1.7 times as much as the silver tube. 
Each tube was 32.7 cm long and had affixed to it a 
short head of Delrin plastic extending another 5.1 cm 
to the center of the mouthhole. The three plastic 
heads were shaped to the same internal dimensions by 
a specially made tapered reamer. The diameter at the 
mouthhole was 1.75 cm. The mouthhole itself was 
shaped by using a paraffin impression of the mouthhole 
of a professional model flute and casting epoxy resin 
around this plug to fill in a larger hole previously bored 
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l ie. 1. Mutes of silver, copper, and wood as 
supported for playing. 

in the head. The far ends of the silver and copper tubes 
were enlarged in thickness by a short outer cylinder to 
make the outer diameter of the ends equal to that of 
the wooden tube. The acoustically important dimen
sions of all three instruments were thus identical within 
0.01 cm. The instruments' first mode sounded 398 Hz, 
approximately CM, the middle of the orchestral flute's 
scale. The ease of sounding and the power and tone 
were judged excellent by flutists who tried them. 

II. EXPERIMENT WITH LISTENERS 

The first experiment was directed toward finding out 
whether listeners could discriminate among the in
struments when they were played by the same 
performer. 

Twenty-seven observers participated simultaneously 
in the listening trials. Of these, 20 claimed to be pro
fessional or skilled amateur musicians, 13 of them 
flutists. Seven claimed little training or experience. 
The trials were conducted with the author playing the 
flutes behind a small screen made of aluminized mylar 
750 Atm thick, whose sound transmission extends well 
beyond 15 kHz. The tests were conducted in a class
room that was acoustically treated and often used for 
chamber music performances. 

In each trial three identical musical phrases were 
played. Two of these were played on the same instru
ment. The observers were asked to mark the position 
where the different instrument was used. This tech
nique was chosen because it avoided any reference to 
"better" or "worse" tone quality, and did not rely on 
any presumptions as to how a wood or silver flute 
>hould sound. 

Thirty-six such trials were made. In the first six 
trials the phrase consisted simply of a single tongued 

and sustained note, the first mode of the instrument. 
Only the silver and wood flutes were used, the order of 
playing in a single trial being varied randomly. In 
three cases the wood flute was unique, in three cases 
the silver. A similar set of six trials compared the silver 
and copper flutes. The observers were told which pair 
was being compared in each set of six trials. The third 
and fourth groups were similar except that the second 
mode (approximately 800 Hz) was sounded, while the 
phrase for the fifth and sixth groups consisted of a 
legato transition from G4 to the octave above, and 
return. Additional information collected from the 
observer was his musical background as a flutist, other 
musician, or listener and his own rating of himself as 
a professional, skilled amateur or student, or person 
with little training or experience. 

The results obtained may be examined statistically 
in many ways. For completeness, the results are given 
in two tables. Table I lists the individual scores (number 
of trials out of the entire 36 in which the observer 
identified correctly the unique instrument) in two 
groups, one for those who claimed to be skilled or 
trained musciallv and one for those of little training 
or experience. 

On a purely random hypothesis, one expects success 
on one-third of the trials, so the expected score is 12. 

TABLE I .  Scores of 27 observers for the entire set of 36 trials. 

Mean score 

Musicallv skilled 15, 16, 10, 11, 12, , 11, 14 
observers 15, 13, 18, 13, 7, 14, 14 

12, 10, 10, 14, 13, , 16 12.9±0.5 

Unskilled observers 17, 18, 13, 14, 15 , 14, 8 14.1±1.1 
Total of 27 observers 13.1±0.5 
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1 TABLE II. Distribution of votes on 36 trials. W, S, and C 
indicate the position of the flute played once during a trial and 
whether it was wood, silver, or copper. 

Fundamental 

Octavc 

Combination 

Silver vs w ood Silver vs copper 

3 S9 15 C8 8 11 
W8 13 6 10 S10 7 
S7 9 11 6 C13 8 

4 5 W18 5 4 S18 
9 VV6 12 S10 10 7 

12 9 S6 5 12 C10 

6 ss 13 C7 11 9 
8 in \V9 7 13 S7 

Sll 7 9 7 10 C10 
2 W l l  14 9 S12 6 

W10 7 10 S5 9 13 
5 14 S8 12 C9 6 

/ / W13 S15 9 3 
<) S8 10 C7 12 8 

10 7 S10 5 SIS 7 
W10 4 13 2 6 C19 

S5 12 10 9 C7 11 
11 \V7 9 9 7 S l l  

The standard deviation of a single score should be 2.8 
and the mean for 27 observations 12±0.5. We see from 
Table I that the unskilled observers scored slightly 
(but insignificantly) higher than the skilled observers. 
The over-all mean score has the expected standard 
deviation, implying that no outstandingly successful 
observers were present, while the mean score of 13.1 
is slightly higher than the expected value of 12. 

The nature of the trials, however, was such that 
statistical independence of the 972 observations is not 
assured. Each of the 27 observers was listening to the 
same set of trials. If the performer, for example, were 
accidentally to play one note poorly, all 27 observers 
might be expected to score this trial the same. The 
statistical expectation that a playing variation acci
dentally corresponds with the unique flute is again 
one-third, but now the standard deviation is much 
higher, since there are only 36 rather than 972 trials. 
Thus we need to look in more detail at the correlations 
between markings before deciding whether the slight 
departure from 12 is significant. 

Table II displays the results of the tests. Each row 
of three numbers represents a trial. The letter preceding 
a number designates the position of the unique flute 
for this trial and its material. The numbers are the 
number of persons in the 27 observers voting for the 
corresponding position. 

If we total the columns, we find that observers cast 
275 votes for the first instrument played, 330 for the 
second, and 367 for the third. The spread in these 
values is more than five standard deviations from the 
expected 324. Since the unique fiute appeared an equal 
number of times in each column, this is not a result of 
the material. It strongly points to the fact often ob
served that the order of playing is important in deter
mining an observer's choice; Saunders,5 for example, 
found in listener tests of preference for Stradivarius 

violins that the jury voted most often for the second 
instrument played, regardless of its type. 

By applying a chi-squared test to the entire set of 
data, using a value of nine as the expected value, and 
assigning 2 degrees of freedom (df) to each trial, a strong 
rejection (p< 0.0005) of the random hypothesis is 
obtained. Thus the votes are grouped more strongly 
than one could expect from pure chance. However, if 
we take the majority vote at each trial as the observer's 
selection (counting tics as one-half), we find the ob
servers as a jury voted correctly in just 12.5 out of 36 
trials. Thus the grouping is not a result of the material. 
It is likely that, in addition to the effect of order, 
perceptible variations in playing contribute to the 
grouping. This is supported by a comparison of pairs 
of trials in which the position of the unique fiute was 
the same. All observers questioned admitted to great 
difficulty in making a selection in almost all cases, so 
that these playing variations were not large. They 
prevent us, however, from applying a simple Bernoulli 
test on the over-all scores. 

An analysis of variations carried out with respect to 
order of playing, phrase used, copper versus wood, and 
their interactions showed none of these to be significant, 
at the 5% level, in determining whether an observer 
correctly identified the unique instrument. 

III. EXPERIMENT WITH PLAYERS 

In order to obtain an objective measure of a player's 
ability to discriminate between instruments, it is 
necessary to remove any clues to its identity other than 
those associated with the sound produced. This was 
accomplished by the arrangement shown in Fig. 1. The 
three flutes described in Sec. I were mounted sym
metrically with their axes parallel to a central rod and 
their heads projecting through a plastic shield affixed 
to the same rod. The player grasped the rod rather 
than the flutes, and when his head was in the normal 
blowing position, he could not see the tubes forming 
the bodies of the instruments. A counterweight inside 
the shield restored the imbalance due to the differing 
weights of the instruments, so that in all respects 
visual and tactile clues to identity were removed. 

In making a test, the subject was permitted to blow 
the instruments in any order, rotating the fixture to 
change flutes, but otherwise not changing position. He 
was asked to select an instrument whose tone he pre
ferred (or thought he could identify again), and the 
experimenter noted the selection. The subject was then 
told to spin the fixture so as to lose the identity, and 
then, by blowing at will on various instruments, find 
his original choice. When he was satisfied he had found 
it, he notified the experimenter, who scored one point 
for success or zero for failure. 

A test consisted of five attempts to find the originally 
selected instrument, so that test scores can vary from 
zero to five. In the first test, the flutist was restricted 
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to sounding the fundamental, and in the second the 
octave, but he could tongue or attack the note at will. 

Xine such tests were carried out with four different 
tlutists, all reasonably skilled performers. The four 
flutists scored, as follows: 

4, 0, 1; 0, 2; 0, 2; 2, 1. 

On a random hypothesis, the expected score is 
5X3 = 1.7, and the mean of nine such scores would 
have a standard deviation of 0.35. The experimental 
results give a mean score of 1.3, barely one standard 
deviation less than the expected mean. We can expect 
a score of four or higher to occur in one test out of 
22; its occurrence in a set of nine is not surprising. The 
flutist who scored this four got scores of zero and one 
on the next two tests. 

If we assume that not only the first selection, but 
also the flutes named as "identical" constitute "pre
ferred" flutes, we find silver named 21 times, wood 19, 
and copper 14. On a random hypothesis, we expect a 
value of lcS in each category. A chi-square test on the 
observed numbers produces a value for chi-square of 
1.44, well below the 5.99 required for significance with 
2 df. There is thus no evidence here of anything but 
random selection. 

IV. CONCLUSION 

No evidence has been found that experienced 
listeners or trained players can distinguish between 
flutes of like mouthpiece material whose only difference 

is the nature and thickness of the wall material of the 
body, even when the variations in the material and 
thickness are very marked. Of course, it is possible that 
individuals exist whose discriminatory senses are keen 
enough to find a distinction, but if so, they are certainly 
not common. Moreover, the results suggest that even 
careful attempts to produce identical sounds on the 
same instrument produce variations that are more 
perceptible than any that might be associated with 
the material. 

One player did, correctly, point out that one of the 
three instruments appeared at first to be slightly flat. 
This effect is due to the high thermal mass of the heavy 
copper tube, which causes it to warm up more slowly 
than the others. This is an example of a reason to 
prefer certain materials for flute construction, and there 
are many others. Tone quality or ease of response are 
not, however, among them. 
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Acoustics of the Flute 

The interrelationship of science 
and music has a long history, dat
ing back at least to the ancient 
Greek, Pythagoras. His experiments 
on the musical intervals produced 
by strings are held by some to be 
the first true physics experiments. 
Many musicians, composers, and 
instrument makers have found that 
an appreciation for the physical 
mechanisms underlying the action 
of their instruments is not only a 
source of satisfaction, but can pro
vide assistance both in the design 
and in the playing of the instru
ment. 

It must be admitted, however, 
that the science of music instru
ments has lagged far behind their 
empirical development. Many of 
the subtleties, particularly those 
that involve the tone quality, are 
hardly understood at all, and the 
scientists interested in this field 
have been kept busy trying to learn 
the reasons why an instrument 
behaves as it does, rather than 
prescribing how to build one to. 
perform in a particular way. Much 
has been learned, however, and a 
recently renewed interest in this 
field among scientists indicates 
that we will be learning more rap
idly in the future. In this article, 
I will try to give an up-to-date 
picture of some of the physical me
chanisms that are responsible for 
the sounds produced by the flute. 
Hopefully, it will dispel many of 
the mysteries and misconceptions 
regarding the instrument, provide 
explanations for some effects that 
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the player is already acquainted 
with through experience, and per
haps give some hints toward im
proving technique. 

The flute is a member of a fam
ily of instruments that includes 
the piccolo, fife, recorder, organ 
pipe, ocarina, shakuhachi, and 
all sorts of whistles, pan pipes 
and folk instruments, all of which 
contain a more or less confined 
volume of air which can be set in
to vibration by blowing across an 
orifice. In the modern orchestral 
flute, the vibrating air column 
is contained in an essentially cy
lindrical tube. The lower portion is 
pierced with side holes so as to 
permit the player to adjust its ef
fective length by closing appro
priate keys. At the upper end is 
the embouchure or mouth hole 
across which the performer blows. 
The presence of this hole means 
that the tube is essentially open 
at both ends — the cork or stopper 
set a few centimeters above the 
mouth hole merely provides a 
small, extra cavity whose function 
will be described later. 

Vibration of the Air Column 

The column of air contained in 
the flute tube plays the same role 
as the string on a violin: its vi
brations are responsible for the 
sound emitted. The flutist's job is 
to determine the length of this air 
column with his fingers, and by 
his breath determine the nature of 
its vibration, both in the sense of 
which vibrations are present, and 
how they change with time. It is 
important to distinguish the vibra
tions of the air column from the 
motion of the jet of air from the 
lips which keeps these vibrations 
going. Right now we will be con
cerned with the former, and the 
reader should be cautioned to dis
pel from his mind at this point any 
considerations which have to do 
with the blowing, or excitation 
process. 

The vibrations of the air column 
are usually somewhat complex, 

but they can be described in terms 
of a set of simpler patterns of 
vibrations of which the actual mo
tion is the sum. These basic vibra
tion patterns are called modes. 
The flute tube diameter is very 
small compared to the wavelength 
of sound at the frequencies of in
terest. For this reason, we need 
to be concerned only with longitu
dinal modes, i.e., those vibrations 
in which the air particles move 
parallel to the axis of the tube. 
The air column can vibrate because 
air is compressible; for example, 
air can be forced simultaneously 
into both ends of a tube, compres
sing the air in the middle. The 
air also has mass or inertia; once 
set in motion it will continue to 
move until some force stops it. 
Thus one simple vibration (the 
first or fundamental mode) pro
ceeds as shown in Figure la. Here 
air particles move inward at each 
end simultaneously, and compress 
the air in the middle until the 
pressure produced brings them to 
a stop. The compressed air in the 
center then reverses the motion 
and pushes the air back out the 
ends — the inertia of this air 
causes it to keep going until the 
rarification of the air in the cen
ter brings it to a stop and the pro
cess reverses. There is thus an ac
cordion-like motion set up — air 
at the two ends alternately squeez
ing and stretching the air in the 
center. Such a vibration will per
sist for many cycles before it dies 
away. The vibration of the air col
umn can be easily heard by slap
ping closed the keys on a flute — 
this process is completely analo-
guous to plucking a string on a vio
lin, and provides telling evidence 
of the reality of the air column as 
the vibrating medium. 

Before we go further, some feel 
for magnitudes might be helpful. 
In the flute, the longitudinal vibra
tions of the air particles are very 
rapid. When sounding A4 (the su
perscript 4 denotes the lowest oc
tave on the flute, starting at mid-
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die C) the air  at  the ends rushes in 
and out  440 t imes a  second.  The 
frequency of vibrat ion is  deter
mined by the length of the tube and 
the velocity of  sound in the tube.  
It  is  s imply the number of round 
tr ips up and down the tube that  a  
sound pulse could make in one 
second.  The ampli tude of vibrat ion 
i s  v e r y  s m a l l ,  l  o r  A 1  p l a y e d  m l .  

an air  part icle near one end,  where 
the ampli tude is  greatest ,  moves 
back and forth about twenty thou
sandths of an inch.  

In the f irst  mode shown in Fig
ure la ,  there is  no air  motion at  
the center ,  as  indicated bv the 
shaded area.  Here the air  is  com
pressed and rarif ied.  but  does not  
move.  Similarly,  at  the open ends 
there is  motion,  but  no pressure 
change.  At other points ,  a  combi
nation exists ,  both part icle motion 
and pressure f luctuations being 
present .  

A second simple mode is  that  
shown in Figure lb.  Here the air  
is  s tat ionary at  two posit ions 
(shaded) 1/4 of the way in from 
the ends.  The part icles are mov
ing in at  one end at  the same t ime 
that  part icles are moving out  the 
other,  while at  the center  there is  
a  strong "sloshing" motion.  Note 
that  we have here just  two tubes 
l ike Figure la ,  but  half  the length,  
joined together so that  their  vibra
t ions match at  the dashed l ine.  
Since these vibrat ing segments 
are half  as  long,  the frequency of 
vibrat ion doubles,  and the tube 
sounds an octave higher.  This is  
what  happens when the f lut ist  
changes the octave,  from D4  to 
D5 .  Note that  in the second mode 
no pressure builds up at  the middle 
of the tube — we could open a hole 
in the wall  at  this  posit ion and 
nothing would happen.  In fact ,  the 
f lut ist  does just  this  when he plays 
D5  with the C :  hole open.  The 
main effect  is  to prevent  D4  from 
sounding,  s ince that  mode has 
maximum pressure variat ions at  
the center .  

The third and fourth modes ( lc  
and Id) are l ikewise made up of 
vibrat ing segments of the column. 
The third mode sounds a  musical  
twelfth above,  and the fourth 
mode two octaves above the funda
mental .  Note that  in the higher 
modes there are several  places 
where no pressure builds up — at  
any of these a vent  hole may be 
opened to remove the-competi t ion 

from other modes.  This is  why 
fingerings in the third octave re
semble those of the lower octaves,  
but  with certain selected keys 
left  open.  

We have been talking so far  
about an idealized case — a per
fect ly uniform tube in which the 
air  column terminates exactly 
and completely at  the end of the 
tube.  The real  f lute approximates 
this  case well  enough for quali
tat ive descript ions.  But when we 
want to determine and control  fre
quencies to the accuracies de
manded in music (about 3/10 of 
one percent)  a  more careful  exam
ination is  cal led for .  The next  
sect ion wil l  deal  with the ways in 
which the real  f lute departs  from 
the simple picture above,  and 
what effect  these departures have 
on the sounding frequency.  

Frequencies of the Flute 

The exact  value of the frequency 
at  which a f lute sounds is  deter
mined by many factors.  The effec
t ive length of the air  column is  de
termined approximately by the 
length of tube between the embou
chure hole and the f irst  open finger 
hole.  But such apertures do not  
provide the zero impedance to the 
free f low of vibrat ing air  that  we 
assume determines where a tube 
ends.  In order that  the vibrat ing 
air  in the tube move at  the required 
volume flow, i t  must  increase i ts  
velocity as  i t  goes through a con
str icted aperture.  This cal ls  for  
an accelerat ing force,  or  pres
sure,  much larger than that  neces
sary to move the actual  mass of 

air  associated with the hole.  Thus 
any hole acts  actually l ike a  small  
length of tube;  i t  must  be placed 
farther up the body of the instru
ment than one would calculate on 
the assumption of zero impedance.  
One can see this  i l lustrated in the 
modern Boehm flute;  the C" hole 
(f irst  f inger,  left  hand) has been 
moved drast ical ly up the tube from 
i ts  normal posit ion in order to be 
useful  as  a  vent ,  at  the same t ime,  
i ts  diameter  has been reduced so 
that  when used to sound C* i t  
has enough equivalent  length to 
give a  frequency corresponding to 
a larger hole in the normal loca
t ion.  

The impedance exhibited by a  
constr icted aperture also means 
that  opening a  hole does not  com
pletely disconnect  the tube below 
this  hole from the vibrat ing pro
cess.  The pressure necessary to 
force the air  in and out  the side 
hole also acts  down the remaining 
tube,  so that  the impedance seen 
looking in that  direct ion also 
counts.  A l i t t le  experimentat ion 
wil l  demonstrate that  the C5  hole,  
being small ,  is  much more suscep
tible to closing keys below it  than 
the larger normal holes.  Thus 
the placing of f inger holes to get  
a  proper scale is  a  rather compli
cated subject  — each hole acts  
not  only by i tself ,  but  is  also af
fected,  especial ly if  i t  is  small ,  
by the ones below it .  Boehm's 
introduction of very large holes 
made it  possible to avoid many of 
the intonation problems and com
promises typical  of  the old-style 
f lute.  

Figure 1. Normal modes of vibration of an air column. The shaded regions 
are places where no particle motion takes place. 
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Flute Facts 
Waif rid Kujala, Contributing Editor 

The embouchure hole, whose 
small size is dictated by factors 
concerning the sounding mecha
nism, is subject to the same laws. 
It is of particular concern because 
it is in use on every note, because 
its impedance is high (equivalent 
to about 4 cm of normal diameter 
tubing — this equivalent length 
is called the end correction) and 
because the flutist inadvertently 
changes the effective size of this 
hole as he varies the distance of 
his lips from its opposite edge. The 
effect on pitch of changing the cov
erage of the embouchure hole can 
be made alarmingly apparent by 
playing on the headjoint alone and 
rolling it in and out. 

Three other distinct factors enter 
into determining the pitch or fre
quency. One concerns geometri
cal variations of the tube, inclu
ding the cavities formed by closed 
holes, the end cavity above the 
mouth hole, and the taper of the 
head joint. Another is the varia
tion in the density of the enclosed 
air with temperature and composi
tion. Finally, there is the effect 
of the alternating forces that sus
tain the vibration, that is, the 
blowing of the flute itself. 

Passive Resonance Frequencies 

In order to disentangle some of 
the effects mentioned above, it 
is of interest first to separate those 
due to the instrument from those 
associated with the performer. 
The phenomenon of resonance can 

be employed here. What is done 
is to place a microphone inside 
the flute at a point where it does 
not disturb the air column — ! 
a rigid disc microphone can take 
the place of the stopper — and 
observe its output when a pure 
tone sound is played in the vicin
ity of the flute. When this tone is 
tuned near the natural resonance 
frequency of the air column, the 
column begins to vibrate, and ex
cites the microphone. The frequen
cy at which this vibration is most 
intense is very well defined, and 
is called the passive resonance fre
quency. This can be determined 
for any fingering and mode. A set 
of measurements of this kind 
has been made1 on a modern, high 
quality flute. The flute was placed 
with its lower half in an acousti
cally dead enclosure, the embou
chure hole partly covered by a 
plastic cover, and the desired fin
gerings obtained by spring clips 
holding down the keys. An oscil
lator drove a small loudspeaker 
located inside the enclosure. 

The results are shown as the 
curve A in Figure 2. We are plot
ting here, and will deal in this sec
tion, not with the actual frequen
cies, but with their deviation from 
the expected frequency of the e-
qual tempered scale based on 
A 440. These deviations are ex
pressed in hundredths of a semi
tone, or "cents." Thus we read 
on the diagram that resonance 
for the note A4 is very close to the 
expected 440 cycles per second, 
whereas C6 is sharp by 25 cents 

or one quarter of a semitone. The 
lines joining the points have no sig
nificance; they merely help to 
show trends, and to connect all 
those notes that belong to the same 
octave. 

The most striking feature of this 
curve is the progressive sharpen
ing as the scale is ascended. Low 
C4 is about 40 cents flat, while 
high G6 is 48 cents sharp. There 
are also irregular departures from 
note to note. The progressive sharp
ening is, as we shall see. inten
tional and necessary, but the ir
regularities are undesirable, and 
result in part from forced compro
mises on hole positions used as 
vents, and in part from the diffi
culties of designing an instru
ment using no other measurements 
than the pitch used by players 
whose habits may vary consid
erably. C.J. Nederveen2 has re
cently published the most complete 
theoretical treatment to date on 
the question of placement of finger 
holes in woodwind instruments. 
His work clearly points out, ana
lytically and experimentally, dif
ferent variations in different makes 
of instruments, from which one 
may infer that improvements are 
still being made. The most serious 
errors are those that plague the 
C- hole, whose use in the produc
tion of eight different notes makes 
it the most likely candidate for im
provement by future flute desig
ners. 

The chief contributor to the over
all sharpening trend as the scale 
ascends is the tapered head joint. 
Benade and French3 have made an 
extensive theoretical analysis 
of the flute head joint. They show 
that a tapered head on a cylindri
cal tube will give rise to such a 
sharpening. Quite the same thing 
happens with a cylindrical head 
on a conical tube, as used in old-
style flutes from at least the time 
of Hotteterre (c. 1680) up until 
the accession of the Boehm flute, 
and still favored by some in the 
piccolo. Thus for some 300 years 
the desirability of introducing 
this distortion of the natural res
onance has been recognized. It 
seems very strange that the spe
cific reason for doing this has ap
parently lain undiscovered until 
now. 

To examine this question, we 
should look at the second curve 

Figure 2. Deviation of flute frequencies from the equal tempered A 440 
scale, in hundredths of a semitone. 
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(B) in Figure 2. This shows the fre
quency deviations in the pitch of 
the note produced by the same 
instrument when blown in the nor
mal manner. The irregularities 
in the scale are similar to those 
of the passive resonance curve, 
but the overall sharpening trend 
has largely been wiped out. This ; 
is partly accounted for by a shift 
in temperature and composition 
of air in the flute. In the passive 
resonance the air column was at 
70° F throughout, with normal 
air at 40% relative humidity. In 
the flute as blown, the tempera
ture was measured to be 87°F at 
the embouchure, 82°F in the mid
dle, and 78.5°F at the far end. 
Moreover, the breath is saturated 
with moisture, and has an abnor
mal carbon dioxide content. This 
last factor alone makes the pitch 
some 12 cents lower than it would 
be if filled with normal air! When 
corrections are made for these ef
fects, there still remains a major 
difference between the apparent 
passive resonance and blown fre
quency curves. A new series of 
measurements was made by blow
ing the flute mounted in its reso
nance-measuring apparatus, keep
ing the lips unchanged, and mea
suring the passive resonance im
mediately afterward on the warm 
instrument. The pairs of frequen
cies thus obtained agreed very 
well, showing that the sounding 
frequency is very close to the ac
tual passive resonance frequency 
under playing conditions. It soon 
became apparent that what had 
not been taken into account was 
the change in coverage of the 
mouth hole by the player's lips as 
the scale is ascended. Photographs 
of lip positions, from which the 
sketch of Figure 3 has been made, 
exhibit clearly the withdrawn 
position for low C4, intermediate 
for E5, and advanced for C6. The 
change in area of the embouchure 
hole is drastic, and the flatten
ing produced thereby is easily a 
third of a semitone. We conclude 
that the principal role of the taper 
in the head joint is to compensate 
for this effect. We shall see later 
the reasons that dictate, in turn, 
the advancing of the lips with fre
quency. 

Figure 3. Lip positions for three notes: 

withdrawn for low C * ,  intermediate 
for Es, and advanced for C4 . 

Before we leave the subject of 
frequency, a brief mention of the 
role of the stopper cavity is in 
order. As remarked on earlier, 
the constricted hole of the em
bouchure calls for extra sound 
pressure to accelerate the air 
through the small orifice, which 
thus acts like an extra mass of 
air. To compensate for this, the 
embouchure hole is placed some 4 
centimeters farther down the body 
than an ideal open end. But 4 cen
timeters of real tube would also 
have some compressibility which 
would come into play at high fre
quencies, where&s the substitute 
embouchure mass lacks this pro
perty. To properly imitate the mis
sing 4 centimeters of tube, we 
need to introduce some compressi
bility, and the stopper cavity does 
just this. The volume of the cavity 
determines the compressibility in
troduced, and this is set by the 
cork position. The effects of mov
ing the cork are most pronounced 
in the third octave. On modern 
flutes, always played close to a 
standard A 440 pitch, there is no 
reason to change the setting pro
vided by the manufacturer — 
the adjustment screw is really a 
relic from earlier centuries when 
players were faced with such vari
ations in pitch that drastic tun
ing changes were necessary. 
Benade and French have provided 
a quite complete analysis of the 
stopper cavity's influence on the 
tuning. 

A number of independent mea
surements of the intonation of 
modern flutes leads to a surpri
sing conclusion4 — that the pre
sent-day flute dimensions are in 
all probability more suited to an 
A 435 scale than to an A 440. The 
suspicion is strong that when the 
change was made to the higher 
pitch standard (about 1920 in this 
country), no change was made in 
the finger hole positions, but in
stead the head joint alone was 
shortened. This gives rise, as 
exhibited in Curve B of Figure 
2, to a progressive sharpening as 
the scale is ascended, which re
peats again in the second octave. 
Accompanying this is a noticeably 
diminished interval between C5 and 
D? Flutes will generally have a 
better internal scale if the head 
joint is withdrawn a centimeter 
or so from its normal position, 
though of course the entire scale 
is then flat with respect to A 440. 

The Sounding Mechanism 
The exact manner in which a 

jet of air sustains the oscillation 
of the vibrating air column has 
been the subject of speculation, 
observation, and measurement 
for at least a century and a half. 
Many theories have been set forth 
and discarded, and the interested 
student will be able to find quite 
a variety of descriptions in the 
literature. The variations among 
these are due in some cases to dif
ferent points of view taken by the 
authors; some of the discrepancies 
result from a confusion of termi
nology and some are simply mis
taken. The study of the related 
subject of edgetones (on which a 
recent bibliography lists 138 sci
entific papers!) has often added 
to the confusion rather than clari
fied the picture. Some recent stu
dies5 have contributed in a quite 
basic fashion to our knowledge of 
this subject. The work reveals 
some important relationships be
tween blowing velocity, lip dis
tance, pitch and loudness. But it 
leaves untouched, as do almost 
all the previous efforts, the inter
esting question of the complex vi
brations which underlie qual
ity, and there are still some as
pects of the basic process which 
are unclear. It would thus be in
correct to assert that the subject 
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of the sounding mechanism is com
pletely understood; nevertheless, 
its major aspects can be described 
at present in a manner which is 
well supported by detailed and 
quantitative experimental obser
vation. 

We will look at the sounding 
mechanism as a "feedback" pro
cess. The word "feedback" is 
widely used to describe processes 
in which some initiating action 
gives rise to a result which in turn 
"feeds back" to provide another 
initiating action — there usually 
builds from such a state of affairs 
an oscillation that grows in 
strength until some other process 
intervenes to limit its amplitude. 
A familiar example is provided 
by the howling of a public address 
system when the volume is set 
too high. What happens is that 
the sound produced by the loud
speaker is heard by the micro
phone, which transmits the sig
nal to the amplifier, which acti
vates the loudspeaker, which feeds 
back to the microphone, etc., and 
the whole system breaks into a 
mighty oscillation. 

A feedback process also is in
volved in the flute sounding mech
anism. Very briefly, the vibrat
ing air column, shaking the air in 
the embouchure hole, acts lat
erally on the jet of air issuing 
from the player's lips. This causes 
the jet to move up and down; on 
the outer swing going above the 
edge of the hole, and on the inner 
swing striking below it. The pulses 
of air produced by chopping the jet 
in this fashion push periodically 
on the vibrating column, main
taining the vibrations which were 
responsible in the first place for 
the jet motion. 

This very simple picture is the 
essence of the process. To under
stand how the variations of pitch, 
loudness, mode selection, etc., 
are brought about, we must look 
in much more detail at what is 
implied by such words as "causes 

the jet to move up and down" and 
also examine the time delays that 
play a crucial part in the steps 
described above. 

Behavior of the Jet 

The jet of air that issues from 
the slit between the player's lips 
exhibits quite a number of inter
esting and complex aerodynamic 
properties, which have been the 
source of much of the confusion 
and mystery surrounding the 
sounding mechanism. Fortunate
ly, in the case of the flute, only 
a few of the various aspects of 
jet behavior come into play, and we 
can safely ignore many of the more 
complex phenomena which have 
been observed. 

A jet of water issuing from a 
hose has relatively simple proper
ties — each water particle issues 
at a constant velocity and travels 
in a straight line (we ignore gra
vity) in whatever direction the 
nozzle points at the instant of de
parture. If we wiggle the nozzle ra
pidly through a small angle, the 
stream takes up the form of a sin
uous wave which progresses out
ward at a constant velocity and 
grows in amplitude, as illustrated 
in Figure 4. An object in the way 
of the stream will periodically be 
doused with water — not at the 
instant the nozzle points at the 
object, but at a later time deter
mined by the time required for 
the water to travel the distance 
from the nozzle to the object. 

An air jet behaves in a somewhat 
similar fashion, but with some 
marked differences. The jet of air 
emerges into a space already oc
cupied by air of the same densi
ty, which it must move out of the 
way in order to progress. The re
action has a profound effect on 
the jet. It becomes inherently un
stable, that is, it progresses in a 
straight line only if carefully un
disturbed, and even then eventu
ally will break up into a disordered 
turbulence. A slight disturbance 
generally will give rise to a si
nuous, wavy motion which can be 
observed in the smoke rising from 
a cigarette in still air. A periodic 
disturbance, as represented by a 
sound wave, will give rise to a ra
pidly growing undulation on the 
jet. This resembles that of the 
water from the hose, but it pro
gresses, remarkably enough, at a 
velocity about four-tenths of that 
of the velocity of the air in the jet 
itself and grows much more rapid
ly than the water jet wave. Such a 
growing wave is shown in the 
short-exposure photos of a smoke-
filled jet in Figure 5. The condi
tions of this photograph as re
gards the size and velocity of the 
air jet, and the frequency and am
plitude of the exciting sound, are 
typical of the conditions in the 
flute. Figure 6 is a series of 
sketches made of a similar smoke-
laden jet exciting a flute. What is 
remarkable about this behavior is 
the large amplitude of motion en
gendered in the jet by a relatively 
small (~.03 cm amplitude) sound 

Fig. 4 — An air jet and a jet of water issuing from a hose 
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Fig. 5 — Short exposure photos of a smoke filled jet show conditions which are in many ways typical of those in the flute 

vibration in the surrounding air. 
More detailed studies of the jet 

motion show that the essential 
action of the exciting vibration 
takes place right at the point of 
issuance of the jet — once ini
tiated, the undulations proceed 
to grow, quite independent of 
the sound field in which they 
move. We see that just as in the 
case of the wiggling hose nozzle, 
there will be a delay between the 
time (or phase) of the initiating 
disturbance and the time at which 
the moving air of the jet first en
ters the flute tube. This delay de
pends on the wave velocity (which 
is proportional to the velocity of 
the air stream) and the distance be
tween the lips and the far edge of 
the embouchure hole. 

One further point is to be made: 
a law of physics known as Ber
noulli's Law states that the velo
city of the air stream depends only 
on the blowing pressure and the 
density of air, and does not de
pend on the slit size or shape. 
Thus, when the blowing pressure 
is chosen, the stream velocity, 
and therefore the jet wave velocity, 
is determined. The blowing pres
sure may be controlled either by 
muscular tension, or if the rate 
of expelling air is kept constant, 
by the size of the lip aperture. 
It is not clear what internal stim
uli, sensed pressure or rate of 
change of lung volume, the flutist 
actually uses to effect this con
trol — in any event, the internal 
pressure is a good measure of the 
stream velocity. 

Force Produced by the Jet 

The last link in the feedback cy
cle is that in which the jet, flow

ing first above the edge of the em
bouchure hole and then down into 
the tube, pushes periodically on 
the vibrating air column and sus
tains its vibration. The exact na
ture of this interaction is still not 
entirely clear. We can, however, 
measure, in an especially designed 
experiment, the effective alter
nating force which the jet applies, 
and the phase of this force rela
tive to the vibration of the column 
that set the jet in motion in the 
first place. In this experiment4 

the oscillation of the air column 
is maintained by an electrically 
driven piston, and the effects pro
duced by an artificial blowing jet 
are measured by properly placed 
microphones. 

The experiment is analagous to 
measuring the force of a person 
pushing on a child's swing to 

sustain motion. There are two im
portant parameters to measure: 
the strength of the push, and the 
phase of the cycle in which it is 
applied. As we know from experi
ence, it is necessary to push on 
the swing when it is going away, 
preferably at the bottom of the 
cycle when it is moving fastest. To 
push when it is coming toward us 
will stop the swing, not keep it 
going. 

Similarly, it is learned from ex
periments of the sort described 
above that the jet should be di
verted into the tlute during the 
half cycle when the vibrating air 
particles are on their inward ex
cursion. When the jet does so, it 
adds energy to the vibration, sus
taining it in the face of losses 
which would otherwise cause it 
to die away. If the jet push comes 

Fig. 6 — Sketches of a smoke-laden jet exciting a flute 
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too early in the cycle, it will cause 
the frequency of vibration to 
rise — if it conies too late, it drags 
the frequency down. Now, early 
or late arrival depends on the jet 
velocity, i.e., on the blowing pres
sure. The variation of pitch with 
blowing pressure is very appar
ent on such fixed-embouchure 
instruments as the recorder or 
tonette. It is a direct result of 
the variation in travel time of a 
jet wave from the lip to the edge. 

We are dealing now with four 
variables which are interrelated 
— the lip distance and blowing 
pressure as inputs, and the loud
ness (strength of vibration) and 
pitch (frequency of vibration) as 
outputs. 

One way to display the interrela
tionships among these is to use 
a two-dimensional diagram as 
shown in Figure 7. We will avoid 
getting into the intricacies of de
fining the quantities displayed 
here, and will refer to them simply 
as effects. There are two axes in 
the diagram. In the vertical di
rection we plot the effect of the jet 
on frequency — above the horizon
tal line it tends to make the instru
ment sharp, below it, flat. In the 
other direction we plot the vibra
tion-sustaining effect, or force, 
of the jet. To the right this force 
increases — the farther to the right 
we go, the more intensely the vi
brations are driven. On the left 
of the vertical axis, the effect is 
negative, i.e., a jet having this 
property would tend to bring an 
already-vibrating column to a stop, 
just as a person does in pushing 
on a swing that is coming toward 
him. Any single point in this dia
gram serves to display both the 
sustaining force and the effect on 
frequency. 

The curves displayed here are 
drawn through points that were 
measured on an artificially blown 
flute and plotted on the diagram. 
Of the whole gamut of possible 
blowing conditions, we have re
stricted the display to a fairly small 
set. The lip aperture size and shape 
is fixed, as is the frequency. Only 
two lip distances, one for each 
curve, are shown. Along the 
Curves, the points represent chosen 
blowing pressures, measured in 
inches of water. An examination 

of the curves can be quite instruc
tive. Looking first at the lower 
curve, where the lip distance was 
set at 7 mm, we find that at a blow
ing pressure of 0.2 inch (first 
point) we are in the negative or 
arresting region — such a blowing 
pressure could not possibly sound 
the flute. At 0.3 inch, we have 
crossed over the axis, and could 
expect a weak sound, quite flat. 
But now looking at the other curve 
(corresponding to moving the lips 
forward to the 5 mm position), 
we see this same 0.3 in pressure 
can give a respectable sustaining 
effect, nearly on the "on pitch" 
axis. But on this same curve, in
creasing the pressure to 0.6 gives 
very little increase in loudness, 
its effect is largely to make the 
instrument very sharp. If we pull 
back the lips to 7 mm., the corre
sponding curve shows that at 0.6 
mm. pressure we get a strong sus
taining effect, at the natural pitch. 
Thus we see the importance of be
ing able to change both the lip dis
tance and the blowing pressure to 
achieve the desired musical ef
fects. 

All of this diagram is for a single 
frequency of oscillation. As the fre
quency is changed, the curves ro
tate. This is to be expected, since 
the angular position of a point re
presents the arrival phase of a jet 
pulse. As an examination of how 
these curves rotate shows that gen
erally the flutist will want to use 

shorter lip distances for higher 
frequencies, giving a clear physical 
basis for the observation made ear
lier and illustrated in Figure 3. 
Moreover, proper adjustment of 
the lip distance and blowing pres
sure for a given frequency will 
generally place the point for one-
half or double the frequency in the 
"arresting" region of the diagram, 
thus assuring that these neighbor
ing modes cannot sound. Thus it 
is through variation of the travel 
time of a jet wave across the mouth 
hole, that the flutist exercises his 
choice of the mode that will sound. 
The development of this technique, 
probably the most difficult task 
for the beginning flutist, appar
ently consists of achieving mas
tery of that combination of lip dis
tance and blowing pressure that 
will assure a jet wave travel time 
of about half a cycle at the de
sired frequency. 

Loudness and Losses 

So far we have talked of the sus
taining force of the jet, and avoi
ded equating it to the intensity 
of the sound produced. The lat
ter is determined both by the am
plitude of vibration of the air co
lumn, and the degree to which 
these vibrations radiate sound 
waves into the surrounding air. 
As mentioned earlier, a feedback 
process grows in magnitude of os
cillation until a limit is reached 
where the energy being lost by the 

Fig. 7 — The two axes are used to plot the effects of frequency and force 
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vibrations is equal to the energy 
being supplied by the driving me
chanism. In the flute these losses 
are almost entirely accounted for 
by frictional and thermal losses 
inside the tube or at the side holes. 
Only a small fraction of the energy 
is radiated away as sound. 

Inside the flute tube there are 
regions (illustrated in Figure 1) ! 
where the vibrating air is moving 
rapidly back and forth, and regions 
where the major effect is a com
pression and rarefaction. Each of 
these has a distinct loss mechan
ism, which extracts energy from 
the vibrating motion. In the first 
case, air directly in contact with 
the walls is fixed, while over most 
of the cross-section, the vibration 
amplitude is large and constant. 
In a thin layer near the wall, then, 
a shearing motion exists which, 
because of the viscosity of the air, 
turns some of the vibrating energy 
into heat. The magnitude of this 
effect depends on the properties 
of the air, and not of the tube wall, 
provided that the wall is reason
ably smooth. Roughening of the 
wall can make tiny projections 
which set up turbulence and addi
tional losses — dust and dirt ac- , 
cumulated on the inside wall of 
a flute tube can cause a perceptible 
change in its ease of blowing. The 
side hole cavities under closed 
keys also set up some turbulence, 
which adds to the losses. 

The second loss mechanism is 
thermal. When air is compressed, 
its temperature rises, when rare
fied, it cools. Rapid alternation 
of compression and rarefaction 
produces a temperature fluctuation 
which has no effect on losses ex
cept near the walls. Because the 
wall material is massive compared 
to air, its temperature cannot 
change ̂ t this rate, and some ot 
the heat (and thus the energy) 
leaks out of the gas. This leak rate 
is determined again by the prop
erties of the air, not those of the 
wall. In fact, the laws governing 
this process are essentially iden
tical to those governing the fric
tional loss, and a single formula6 , 
can be used to express both the 
effects simultaneously. This for
mula shows the loss rate decreases 
rapidly as the diameter of the tube 
is increased, and decreases also 
as the frequency is increased. 

A mechanism that gives losses 
comparable in magnitude to wall 
losses takes place at the open 
ends, i.e., the embouchure and the 
first effective open finger hole. 
Here the vibrating air has maxi
mum amplitude, and a particle ve
locity markedly increased by the 
necessity to maintain the alter
nating flow through the constric
ting operation. For low intensities 
only a small proportion of the loss 
occurs here. For more intense vi
brations, a turbulence sets in, 
giving rise to streams of air cir
culating around the hole. This is 
a nonlinear process, i.e., the loss 
mounts very rapidly as the ampli
tude of the vibration increases. 
Here is one of the important fac
tors that limits the loudness of 
sound a player can produce with a 
flute. The smaller the aperture 
the more serious the effect. The lar
ger finger holes in the old-style 
flute, made popular by Charles Ni
cholson about 1822, undoubtedly 
contributed to the power of tone 
for which he was renowned. Theo
bald Boehm introduced the very 
large finger holes of the modern 
flute about 1847. The theory and 
specific measurement7 of this form 
of loss, however, was not well es
tablished until 1967. 

A loss mechanism that really 
should not be present, but one that 
is encountered more frequently 
than is suspected, is leaks. A very 
slight leak in a pad where the pres
sure is high can produce a disas
trously high loss, frequently e-
nough to prevent sounding alto
gether. Most modern flutes are 
so closely alike in dimensions 
that their intrinsic sounding abili
ties are essentially undistinguish-
able, and the difference in ease of 
response and loudness of various 
specimens can largely be attri
buted to different degrees of leak
ing at the pads. The susceptibil-
ity to leaks is obviously a function 
of the precision of workmanship 
and care in fitting the key mecha
nism, and this appears to be the 
major distinction among modern 
flutes as regards quality. 

The final loss mechanism is al
most negligible compared to the 
others, in terms of setting limits 
to vibration amplitude. It is over
riding in importance, however, in 
terms of the sound power pro

duced, lor if expresses the ex
tent to which vibrational energy 
is converted to radiated sound 
waves. 

Each of the open ends of the vi
brating air column acts as a source 
of sound. The intensity of the ra
diated wave depends on the vol
ume rate at which vibrating air 
moves in and out of the tube, it 
is independent of the size of the 
aperture. The embouchure hole is 
just about as strong a source as 
the other end. The power loss by 
radiation is readily calculated by 
well-established acoustical for
mulas. It turns out to be only a 
small fraction of the total. When 
sounding G4 mf, the losses due to 
tube wall effects are about 210 
microwatts (millionths of a watt), 
those due to turbulence at the aper
tures 60 microwatts, while the ra
diated sound power is a mere 7 
microwatts! Persons accustomed 
to talking about 20 watt stereo 
sound systems may be taken aback 
by the 7 millionths of a watt pow
er of the flute. This disparity is 
partly an expression of the remark
able ability of the ear to accom
modate to an enormous range of 
sound levels, partly a measure of 
the feebleness of the flute in the 
low register, and, with the stereo 
sound system, partly due to the in
efficiencies of loudspeakers, which 
convert only a small fraction of the 
electrical power fed to them into 
sound. For comparison, measure
ments8 of sound power output of 
reed instruments give widely vary
ing values centering about one ten-
thousandth of a watt, and brasses 
about one thousandth of a watt. 

The radiating ability of a small 
source rises very rapidly with the 
frequency, increasing by a factor 
of four for each octave. This is 
one reason why the flute in the 
higher registers becomes much 
more audible. As mentioned ear
lier, the wall losses decrease with 
increased frequency, further en
hancing the effect. Moreover, we 
have seen that in order to con
trol the sounding, the flutist con
tinually increases the blowing 
pressure as the scale is ascended. 
Measurements4 show (though the 
theory is in a doubtful state) that 
the acoustic vibration volume rate 
is roughly proportional to the 
blowing pressure. All these ef-



fects combine to produce a very 
great increase in sound power 
with frequency. A compensating 
effect is the compression of the 
lips, which cuts down the volume 
I low of the blowing jet. Even so, 
the net effect is to give A6 about 
20 times the sound power of C4. 
The situation is further aggra
vated as we attempt to go to low
er frequencies — the rich sonor
ities of the bass flute are, alas, 
so feeble that the unaided instru
ment is essentially useless in an 
orchestra. The piccolo, however, 
can hold its own in any band. 

Tone Quality 

The description of such a highly 
subjective feature as tone quali
ty in quantitative, physical terms, 
is, at this time, hardly possible. 
Much study has been given to this 
subject9, and it is possible to dis
cuss some features of tone in terms 
of the number and relative 
strengths of the harmonics pre
sent, the transient effects at the 
beginning and ending of the note, 
and slight variations in pitch and 
amplitude (vibrato) while the note 
is sustained. Empirical obser
vations of the effect of such things 
as bore diameter and shape, angle 
of the edge of the embouchure 
hole, size of the finger holes, etc., 

have resulted in the flute as we 
know it today, but there is really 
no systematic description that 
connects such changes with the ob
served effects. 

One vanable over which contro
versy has probably existed for as 
long as the flute itself, is the ma
terial of which the flute is made. 
To give some idea of the firmness 
with which opinions may be held 
on this subject, one may quote no 
less an authority than R. S. Rock-
stro, whose treatise on the flute 
still remains the most exhaustive 
work on the subject. Rockstro10 

says about metal flutes: "....there 
can be no doubt that they are, and 
must be, eminently unfitted for or
chestral performance." Today the 
wooden flute has disappeared from 
the scene, though the metal pic
colo is held in abhorrence by most 
symphony musicians. 

The effect of material on tone 
is a matter that experimental and 
theoretical physics can say some
thing about. We have seen ear
lier that the vibratory action of 
the instrument takes place in the 
air column, and that it is governed 
by properties of the air alone. 
While the wall may vibrate slight
ly, the sound radiated thereby, 
and the effect on the internal air 
column, is completely negligible11. 
Carefully conducted tests12, using 
musically trained observers and 
flutists playing the instruments, 
have shown that they cannot, in 
fact, distinguish between flutes 
of markedly different wall mate
rials, when visual and tactical 
clues are lacking. There are many 
reasons for preferring certain ma
terials for flute construction, but 
tone quality or ease of response 
are not among them. • 
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Material used in FLUTE CONSTRUCTION 

by Dr. John W. Coltman 

(Third in a series of "exchanges" 
between Roger Mather and the 
author. This was written in the form 
of a letter to the editor. . . Ed") 

I would appreciate the opportunity 
to comment on Roger Mather's article 
"The Influence of Tube Material and 
Thickness on Flute Tone Quality" 
that appeared in the September, 1972 
issue of Woodwind World, and which 
was devoted largely to a criticism of 
my work on this subject. 

We are indeed faced with a puzzle -
the problem of separating myth from 
fact, of relating perceived sensations 
with physical causes, and of making a 
distinction between things which 
merely occur simultaneously and 
those which are cause and effect. Mr. 
Mather's article deals with several 
such questions, but leaves me still 
curious as to what evidence he may 
actually have that bears on the subject 
in his title. 

First, we need to be clear about 
the question. Mather's question is: 
"Should we conclude that the 
differences in tone quality noted by 
generations of manufacturers, players, 
and listeners are purely imaginary?". 
My answer to this is: certainly not. 
No one contends that a wooden 
baroque flute sounds like a silver 
Boehm flute. The question is: is it due 
to the material? To Find the root 
causes is not easy. Mr. Mather's article 
does a good job of pointing out a 
number of causes for tone variation, 
the possibility of interactions between 
these causes, and the difficulties of 
sorting them out. I disagree, however, 
with his Final conclusion: "No better 
way seems to be presently available 
than to poll the experiences of many 
flutists playing many instruments 
under many circumstances. Then the 
characteristic influences of each 
material or thickness can be 
recognized and they do indeed exist." 

The last four words raise 
immediate suspicion as to the 
impartiality of the poll-taker. But 
more important, this method has 
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obviously not succeeded in the past. 
The literature abounds with 
statements, made by scholarly, 
experienced men, that take quite 
opposing positions. The reason is two 
fold. First, the player and 
experimenter rarely, if ever, have any 
way of knowing whether the 
instruments they are comparing have 
differences other than those of the 
material, in fact I know of no reports 
in which the claim for "no other 
variation" is made. Second, the 
musician cannot, under normal 
playing circumstances, dissociate his 
personal preferences and prejudices 
from the question at hand. In the case 
of the three "flutes" I constructed, 
nearly every player who picked them 
up and tried them had a preference 
for one or the other. Often he would 
describe his impressions - the wooden 
flute has a "fuller" tone, the silver 
one "projects" much better, etc. He 
was then usually baffled to Find that 
he could not identify any of the 
instruments under the "blindfold" 
conditions I described. The plain facts 
are that his judgment is influenced by 
preconceived notions and mental 
associations of tone quality with 
other properties of the material. This 
is a normal human reaction, 
intensiFied in the case of those trained 
to incorporate feeling into their art, 
and to whom the instrument 
becomes, in effect, an extension of 
their own body and personality. I do 
not belittle this attitude; it is, I 
believe, a desirable condition for the 
achievement of the fullest artistic 
expression. It is just not suited for 
answering narrow, objective questions 
like the one I posed - namely: can the 
material of which a flute is made 
directly influence the tone quality 
produced? To successfully carry out 
meaningful work on questions like 
this, it is essential not only to 
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eliminate as far as possible variations 
other than the one that is being 
tested, but also to remove from the 
experiment personal predispositions, 
associations, and prejudices. I hope 
Mr. Mather might Find a superior way 
to do this. 

It is also necessary to phrase 
properly the question. Had I simply 
asked each player to select the 
instrument he preferred, I might have 
obtained a quite valid conclusion, for 
example: "In tests of three 
instruments which were identical 
except for material, eighty percent of 
the participating flutists preferred the 
silver flute." Such information is 
useful for market surveys; it does not, 
for the reasons given above, answer 
the question of whether the material 
can indeed affect the tone. 

Mr. Mather questions both the 
validity and relevance of the tests I 
carried out, and I would like to 
comment on points he raises. First, 
the flutes I used were real flutes - they 
were not Boehm flutes, or baroque 
flutes, or recorders, but they were 
indubitably members of the flute 
family. Moreover, they very closely 
approximated the important 
dimensions of the modern Boehm 
flute. Contrary to Mr. Mather's 
hypothesis that the flutes were so 
different from "real" flutes that the 
sounds would be unfamiliar, the 
sounds they produced were very 
faithful renditions of modern flute 
sounds. Many players, in fact, 
commented on how good the sound 
and the response was. It is true that 
all I have demonstrated is that 
material does not perceptibly 
influence the tone of these 
instruments, and it requires a logical 
step to come to the conclusion that 
the Boehm flute would also not be so 
influenced. This step I Find easier to 
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make than its inverse, namely, that in 
some mysterious way players and 
listeners can identify material 
influence in Boehm flutes, baroque 
flutes, and recorders, but not in 
"Coltman flutes." 

Mr. Mather's statement "many 
players have observed that, per inch 
of length, the material and thickness 
of the head affect tone color more 
than do the material of the body" 
arouses my curiosity. Who are the 
players? What comparisons did they 
make? Where are their observations 
recorded? 

The remarks on leaks are 
interesting, and I am in complete 
agreement that leaks constitute a 
major source of tone color variation. 
But - "fewer know that the effect of 
leaks varies somewhat with tubing 
material and thickness. For instance ' 
plated flutes generally sound 
'metallic' while wood and silver flutes 
tend to sound 'dull'." Where does this 
information come from? I have read 
much literature on the flute, and have 
nowhere encountered this statement. 
It would be interesting to get the 
evidence here, as well as for the later 
statement, "too much damping makes 
a flute dull, too little makes it 
metallic." I don't know of any 
controlled experiments or reported 
observations on damping of the wall -
if this is anything but sheer 
hypothesis. Mr. Mather owes us some 
further information, which I look 
forward to with interest. 

Finally, it might be well to 
comment on why definitive 
information on such matters is worth 
getting. Many people, I know, are 
unhappy at what they view as an 
upstart scientist busily trying to tear 
down what centuries of artistry and 
craftsmanship have built up. But if 
my belief that material does not ' 
directly affect flute tone is true, and -
this fact becomes generally accepted, 
then we really have much more 
freedom for creativity and expression 
than before. I am hopeful that the 
development of the flute has not 
come to an end - that new makers will 
be inspired to create new instruments 
and new artists to develop their 
strengths as has occurred in the past. 

Is it not better to know that one can 
choose a material for its beauty, its 
feel, its workability, than to be 
slavishly making all our instruments 
of one or two materials in the 
mistaken notion that a change would 
produce unacceptable tone quality? 
The heavy reliance of musicians and 
instrument-makers on tradition (much 
of which can only be classified as 
folklore) can be relieved, to the 

benefit of the art, by some careful 
separation of fact from fancy, and it 
is in this spirit that I have engaged in 
these experiments. I trust that Mr. 
Mather will be similarly inclined in 
the article he promises. 

Very truly yours, 

Dr. John W. Coltman 
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Mouth resonance effects in the flute 

John W. Collman 
ii 19 Scathclockc Road. I'ittsbur^h. I'cnnxylvanla 15235 

(Received 21 Match 1973) 

Resonance of the mouth cavity while playing the flute has been found to occur hear 1000 Hr. Experiments 
with an artificial mouth ihnw the Q of thl» cavity Ii lesi than two when air Is panging through the llp» Tha 
presence of this coupled cavity can affect the flute frequency by as much at 10 cents, and may increase the 

losses in the system by as much as one-third. 

Subject Classification: 6.8. 

Conversations among players of the recorder oc
casionally refer to the desirability of holding the player's 
mouth cavity at certain volumes in order to affect the 
tone. Hak1 has made some measurements on an arti
ficially blown recorder looking for the effect of varying 
the volume of a resonator placed before the mouthpiece 
slit. Only very slight changes in the frequency were 
observed. Bcnadc and French2 have provided a mathe
matical analysis of what might be expected to happen to 
llutc frequency flue to coupling of a resonant mouth 
cavity with the vibrating air column at the mouthholc. 

Because the elTects predicted by Benadc and French 
appeared to be substantial, and yet no clear identifica
tion of them in llutc playing is generally recognized, it 
appeared worthwhile to investigate experimentally the 
nature and magnitude of any mouth resonance efTccts 
which may be present. 

First we may ask, docs mouth resonance occur, and at 
what frequencies? Henade and French hypothesized 
that it would be in the neighborhood of the lowest 
fnrmant for vowel sounds like "ah," "aw," and "oh," 
and therefore in the range of 500 600 Hz. They ob
served, presumably by (Tar, "an appreciable shift" in 
llutc frequency in the neighborhood of G# and A (near 
4.W Hz) when the tongue was moved from the "ec" to 
"oh" positions. Such a frequency seems extraordinarily 
low for the mouth cavity resonance frequency in the 
position for playing the llute. If one attempts to whistle 
a note without markedly changing mouth position from 
that used in playing the flute, frequencies in the 
neighborhood of 1000 Hz are more typical. 

To pin this down, a small microphone was constructed 
that could be placed inside the mouth, with the lead 
coming out the mouth corner. It was possible to play the 
llutc reasonably well with the microphone in place. 
Readings of the output of this microphone were taken as 
the scale was ascended. The resulting curve showed a 
peak and dip in the neighborhood of 1000 Hz, the re
mainder of the readings following a generally ascending 
trend with frequency. Later it was found that a piezo-
ceramic disk microphone directly in contact with the 
outside of the player's check produced a nearly identical 

curve, while the playing was more comfortable. The 
combined results of a scries of such trials arc reproduced 
in Fig. 1. The points are averages of sound pressure 
levels in decibels, and while the scatter is rather large, 
the peak and dip seem very real, especially since each 
trial, consisting of a chromatic scale, exhibited similar 
behavior. The driving force is not constant with fre
quency—it can be expected to rise quite rapidly with 
frequency ar. the blowing pressure increases, accounting 
for the rising trend of the whole curve. From the extent 
in frequency of the perturbation, we sec the cavity Q is 
quite low. 

No such perturbation was found in the region of 500 
Hz. It is possible that the effects of tongue movement 
reported by Benade and French in this region were 
caused by the mouth cavity acting on the second 
harmonic of the flute tone, which is quite prominent in 
the spectrum. Of course, mouth sizes will vary with 
individuals, so we must consider Fig. 1 to represent only 
a single sample, though there is no reason to believe it is 
atypical. 

To investigate in more detail the effect of the mouth 
cavity on the frequency of the flute, an artificial mouth 
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FIG. 1. Response of a mouth-coupled microphone to various 
notes played on the flute. 
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FIG. 2. Arrangement of the flute and artificial mouth. Not shown 
are the modcling-clay "lips" formed around the blowing tube. 

was constructed. This consisted of a cylindrical cavity 
1.9 cm in diameter whose volume could be varied by a 
movable plunger. Air could be introduced into the 
cavity through a small-diameter tube approximately 
^-wavelength long at the frequency of interest. This 
tube, leading into a wind chest, presented a high 
impedance so that the cavity resonance was not altered 
much by it. A short (6 mm long) brass tube, flattened 
to 1 mmX6 mm at its outer end, formed the blowing 
slit, and modeling clay was used to imitate the external 
geometry of the player's hps. The flute could be sounded 
adequately (if not charmingly) with this arrangement. 
The passive resonance frequency of the Helmholz 
resonator formed by the cavity and lip could be varied 
with the plunger from 750 to 1300 Hz, covering the 
range of perturbation observed in the first experiment. 
When resonant at 1000 Hz, the volume of the cavity 
was 3.6 cm1. The player's (author's) mouth, when 
playing this note had a quite similar volume, as mea
sured by imbibing water. 
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CAVITY VOLUME 

Fiv. 3. Resonance frequencies of the coupled system of Fig. 2, 
as a funrtinn of volume of the mouth cavity. Dashed line is with 
cavity stuffed with cotton wool. 

Tin: cavity was placed as shown in Fig. 2 at the 
embouchure of a cylindrical llute head joinl, and this in 
I urn w;is connected to a piston driver. A mic rophone in 
the tube nearby the driver w.is used lo measure the 
response of the llute. The passive resonance frequency 
in the second mode was adjusted to about KMX) Hz. with 
the mouth cavity tuned ofl resonance. Tuning the 
mouth cavity through resonance gave very pronounced 
perturbations in the ftprjtiMlrV Ihe head 
joint. The resonance in fart was split inlo two, as can be 
expected when two resonant circuits are coupled, 
f igure 3 shows the two branches of the observed curve. 
When the cavity is tuned to the flute resonance at 994 
Hz, the splitting is about HO Hz. Such effects are 
enormous compared to any frequency shifts observed in 
practice, and it was apparent that something was 
drastically wrong. 

What was left out in this experiment was the effect of 
the air stream passing through the lip aperture, which 
forms the "neck" of the Helmholz resonator for the 
mouth cavity. Ingard and Ising-1 have shown that the 
acoustic resistance O- an aperture is markedly affected 
by the passage of a continuous stream of air through the 
aperture. By putting a piezo-ccramic driver in the 

LIP APERTURE 

)4.3u>' 2.8 

14-5 u/' 

, Mouth 

FLUTE 

s/ ... ,\ holt 
-15.6/to

pic. 4. Equivalent circuit characterizing the mouth cavity and 
flute near resonance. 

plunger of the cavity, and coupling a microphone 
through a hole in the wall, one can measure the reso
nance frequency and Q of the mouth cavity itself. The 
value is about 10 when the air is not blowing. Even a 
small velocity of blowing air lowered the Q so drastically 
that it was difficult to measure. Accordingly, tubing was 
added to the cavity to extend it a half wavelength, 
greatly increasing the stored energy for a given volume 
velocity at the neck. With this it was possible to mea
sure, by the usual resonance width method, the Q with 
and without air blowing, and also with the neck 
blocked, so that the wall dissipation could be subtracted 
off. 

The Q of this extended cavity, together with the 
known geometry of the tubular portion of the cavity, 
can be used to calculate the effective acoustic resistance 
of the lip aperture in the following manner: The tubular 
portion is considered as a transmission line of length L 
and cross-section area S. The tube is closed at one end 
and is terminated at the other by a restricted aperture 
whose impedance shortens the resonant line from its 
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ideal length of JX by an end correc tion r. I lie acoustic 
resistance of this aperture is r, and its ratio to the 
, haractcrist ic impedance pc.'A of the line we designate 
. 1 - .  R  =  r S / ' p < .  

I alculati<»u <»( the eiieigv stored at resonance in the 
tube and in the aperture for a given acoustic volume .002 
velocity i in the aperture, and comparison of this with 
IT times the energy lost per cycle in R for the same l, 
Hivts the value of It is found that ^ 6  

{) = (irA/X-f J sin4ir < / \ ) ( R  COS12TT </X)_ l .  (1) 

Expression 1 was used to obtain from measurements 
„{ () the value of R in the bp with various blowing wind 
velocities. For zero wind velocity R was found to be 0.44 
wh i l e  a t  t he  b lowing  p re s su re  o f  1 . 5  i n .  o f  wa t e r ,  R  
increased manyfold to 2.7. The variation was, except 
at the beginning, linear with the square root of the 
blowing pressure, as predicted by Ingard and Ising.3  To 
litxl the Q of the original (unextended) cavity, Eq. 1 
can again be used with the original length for L and the 
above determined values of R. I'or the length which 
tuned to 994 Hz, and a value of R= 2.7, the () is 

calculated to be 1.7. 
The observed values of frequency splitting with the 

passive cavity (Fig. 3), the measured value of R for the 
lip and measurements of the flute head dimensions 
suffice to determine values for the equivalent circuit 
given in Fig. 4. This is essentially the circuit proposed 
by Hcnade and French, in which the resonant mouth 
cavity is tapped across a portion of the end correction 
inductance. In the frequency range treated, a simple 
l,C circuit represents the flute, rather than using a 
transmission line, and the refinement of a stopper cavity 
reactance has also been omitted. We have chosen here a 
dimensionless frequency unit a/ = a>/u>o, where is the 
actual angular frequency and a>0  is the angular resonance 
frequency of the flute head joint in the absence of the 

cavity. 
Dimensionless impedance values are relative to the 

characteristic impedance of the flute tube, pc/S. The 
tube diameter for both cavity and flute head was 1.9 
cm, the normal dimension of a modern flute. The 
slopped flute h'-ad is represented by a simple resonant 
series EC circuit, with an inductance calculated by 
using the stored energy implied by Eq. 1. An end 
correction of 4.7 cm was assumed, and the inductive 
reactance equivalent to this (1.1 a/) was assigned to the 
mouth-hole. The frequency-splitting results of Fig. 3 
dictate jO.W as the value where the lip aperture is ex
posed to the acoustic pressure. No wall losses are shown, 
since they do not enter into what is to be calculated. 
The value of the capacitive reactance assigned to the 
mouth cavity in Fig. 4 corresponds to the cavity tuned 

to OJo-
This equivalent circuit can be used to predict the 

frequency shifts and added losses due to the mouth 
cavity. The Q of the mouth cavity is now so low that no 

0 : 2 3 4 b 
CAVITY VOLUME - RELATIVE 

FIG. 5. Calculated and measured values of the frequency shift 
causcd by varying the mouth-cavity volume. 

frequency splitting occurs. We take the resonance fre
quency as the point where the series reactance of the 
right hand loop is zero. In Fig. 5 the solid curve plots the 
calculated change in resonance frequency of the flute as 
the size of the mouth cavity is varied. The effect is only 
a few parts per thousand, and the major change occurs 
over a ±50% change in cavity volume. Also plotted 
here are experimental points taken by measuring the 
actual frequency of the artificially blown flute as the 
cavity volume was varied. Considering the small size of 
the effect, the agreement is very good. It was not 
possible to observe the expected rise as the cavity 
approaches zero size because the plunger cut off the air 
supply below the last point taken. 

Plotted in Fig. 6 are calculated values of the expected 
change in flute end correction due to a fixed cavity as a 
function of frequency at which the flute is played. This 
follows the course predicted by Benade and French. The 
entire effect amounts to about 3 mm, and the change 
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Frequency shift 1 
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FIG. 6. Calculated effects of a fixed mouth cavity for vanous 
played frequencies. The resistance is relative to the characteristic 
impcdance of the tube. 
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takes place over a whole octave. An increase in losses is 
also present, represented by the equivalent series 
resistance plotted in the same figure. The losses rise to a 
peak near the cavity resonance. The value of inserted 
resistance here is such as to give the experimental flute 
head a () of 100 due to this resistance alone. This is not 
negligible, since typical wall-losses give ()'s about 30. 
Measurements of the oscillation amplitude of the 
aFiimiiill.v blown hut* bhaw h dF«p in amplitude to 
about 70% of the normal value as the cavity is tuned 
through resonance. 

It is concluded that mouth resonance docs occur, 
somewhere in the neighborhood of 1000 Hz. Its efTects 
on frequency when the flute is played arc overall about 
10 cents, and would be manifested as a slight upward 
perturbation as the cavity resonance frequency is ap
proached from below, followed by a downward shift as 
the resonance frequency is passed. It takes more than an 

octave to go through this region, so these small efTects 
are likely to be masked by other irregularities. 

When air is not passing through the lips, the efTccls of 
mouth cavity resonance can be very much more pro
nounced. Measurements of passive resonance of the 
flute with the player's mouth in position, as reported by 
Colt man4 and Nederveen6 may therefore have been 
affected by a variable that was not controlled during the 
experiments. It le pai»lbl« that this contributed to *ome 
of the discrepancies reported by Nederveen. 

'N. Bak, Acustica 22; 295-299 (1969). 
JA. H. Benade and J. W. French, J. Acoust. Soc. Am. 

37, 679-691 (1965). 
'U. Ingard and hing, J. Acoust. Soc. Am. 42, 6-17 (1967). 
4J. W. Coltman, J. Acoust. Soc. Am. 40, 99-107 (1966). 
JC. J. Nederveen, Acustica 29, 12-23 (1973). 
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Flute Facts 
Waif rid Ku/a/a, Contributing Editor 

The Intonation of 
Antique and Modern Flutes 

John W. Coltman 

Measurements  were made of  the 
frequencies  produced bv a  number 
of  f lute  specimens dat ing over  a  
his tor ical  per iod of  a lmost  three 
centur ies .  The improvement  in  into
nat ion with t ime can be t raced,  and 
intonat ion faul ts  can be associated 
with physical  causes .  Almost  a l l  
f lutes ,  including modern ones,  show 
an increase in  sharpness  as  the 
scale  is  ascended.  I t  i s  argued that  
intonat ion faul ts  in  the modern 
f lute  largely pers is t  f rom ear l ier  
designs,  ra ther  than being inherent  
in  the instrument .  

An examination of the frequen
cies produced by historically inter
esting flutes of various designs 
can tell us a great deal about both 
the flutes and their makers. We can 
observe some of the impediments 
to correct intonation faced by the 
makers and the degree of success 
with which they were able to over
come them. At the same time we 
can gain an idea of the obstacles 
which had to be surmounted by the 
player at various stages in the de
velopment of the flute. Finally, a 
look at the intonation of the mod
ern flute will raise some interest
ing questions as to why it is tuned 
as it is and whether further im
provements are possible. The an
tique instruments used were from 
the Dayton C. Miller Collection at 
the Library of Congress and from 
the author's own collection. 

The frequencies of notes pro
duced bv a musical instrument are 

John IV Coltman, Director of Planning 
at Westmghouse Research Laborator
ies, has been a member of the labora
tory staff since receiving his Ph D in 
nuclear physics from the University of 
Illinois in 1941. His interest in the flute 
dates from high school days. He has 
played in several school and amateur 
organizations, has a large collection of 
flutes, and carries out acoustical re
search (on which this article is based) 
as a hobby. 

functions of many variables. The 
physical parameters of the instru
ment itself are of primarv impor
tance, but the variation introduced 
by the performer can be substan
tial. For flutes, the coverage of the 
mouth hole, the lip to edge dis
tance, and the velocity and volume 
rate of the air stream all affect 
the frequency; and it is difficult, if 
not impossible, to disentangle the 
effects due to the instrument from 
those due to the player. In a sense, 
there is no perfectly tuned flute; 
there can only be flutes made to 
suit the player, and these will be 
such that he can achieve the de
sired frequencies with a minimum 
of labial gymnastics. 

Not knowing the technique em
ployed in sounding an old instru
ment, it is not suitable to declare 
that we know exactly the frequen
cies it produced. However, if all of 
the flutes are blown by the same 
person (the author in this case), it 
seems reasonable that differences 
observed among instruments be
long to the instrument. Additional
ly, blowing techniques vary smooth-
lv with frequency (if intentional 
changes are not made), so that ir
regularities in the scales mav large-
lv be ascribed to the instrument it
self. But we must not suppose that 
the frequencies reported here are 
necessarily those originally pro
duced in performance. We must 
credit the best performers with the 
means to get from the instrument 
the frequencies they desired, though 
the effort required to do this sure-
lv varied greatly from one instru
ment to another, as we shall see. 

Measurement Technique 

The sounding frequencies of the 
instruments tested were observed 
with a specially constructed elec
tric counter. The incoming sound 

I, 

frequency picked up by a micro
phone was first divided by some 
power of two (32, 64, 128, etc.) de
pending on the register being ob
served. The number of counts from 
a 100 kilocycle crystal oscillator 
during a half period of this divided 
wave was registered and displayed 
until the next period. Thus a sam
ple of the frequency was taken 
roughly twelve times a second. Co
lumnar display of the counts was 
used, so that the eye could follow 
a fluctuating frequency input. 

The flutes were blown by the au
thor. Every attempt was made to 
produce a note of adequate power 
and quality, ignoring the perceived 
pitch. To aid in objectivity, notes 
were played more or less at ran
dom, rather than in chromatic pro
gression. The entire set was cov
ered at least twice. The differences 
in readings for the same note pro
duced at quite different times gave 
a standard deviation of the mean 
approximating 1 Hz at 440 Hz (or 
4 cents). When a repeat set of 
measurements is taken after a time 
lapse of a few days, some points 
may show differences as great as 
10 cents, though most are within 
4 cents. The ambient temperature 
was 20°C, and each instrument 
was played for some time prior to 
the readings in order to warm it 
up and to accustom the player's 
lip to that instrument. 

The results are displayed on 
graphs on which is plotted the 

deviation (in cents) of the fre
quency of the fingered note from 
the theoretical frequency for that 
note, based on an A 440 equal-
tempered scale. The scale on the 
right side of the graph gives the 
frequency in Herz of A4; it does .  
not indicate exact frequencies of 
any other notes. Solid points are 
used in the diagram for notes in 
which the column length is deter
mined directly by holes provided. 
Fork-fingered or veiled notes and 
those with vent fingerings are rep
resented by open circles. Lines 
connecting the points have no sig
nificance; they serve only to make 
trends more apparent to the eye, 
and to distinguish between the 
registers. A row of points on a 
horizontal straight line represents 
an instrument giving a perfectly 
tuned equal-tempered scale. 
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The pitch of the instrument may 
be taken as the frequency produced 
when the A4  is sounded, or may be 
estimated by taking the mean or
dinate of the points on the diagram 
in relation to the Herz scale ap
pearing on the right side of the 
graph. If,  for instance, most of the 
points cluster around 410, then 
the pitch of the instrument which 
produced these pitches is probably 
A 410 (see Fig. 2).  

Adjustments of the Flute 
Almost all  flutes intended for 

serious musical performance are 
provided with means to adjust the 
intonation. The primary means is 
a tuning slide, by which the head-
joint may be withdrawn to increase 
the length of the tube. In instru
ments of the 19th and 20th centur
ies this slide is made of thin-walled 
metal tubing, so as to disturb only 
slightly the bore of the tube. Some 
early flutes had very thick-walled 
wooden tenons which left an ap
preciable cavity when the head-
joint was pulled out (although 
sometimes wooden rings were pro
vided to fill  in this space). Bui it  
was more common to provide sec
ond joints (the joint next to the 
headjoint,  carrying three holes for 
the left hand) of various sizes 
which could be substituted as de
sired. Whether old or new, all  of 
these tuning mechanisms are 
faulty, because the proportions of 
the hole placements are upset 
when the tuning slide is moved. To 
further complicate matters, makers 
rarely pecify the slide position 
which is normal for the intended 
mean pitch. Moreover, the pilch 
for which the instrument was in
tended is often not known, and 
since the frequency corresponding 
to A has varied greatlv with time 
and place, the examiner of an in
strument is confronted immediate
ly with a problem: at what point 
should the tuning adjustment be 
set? The problem is aggravated by 
the fact that,  in response to changes 
in the standard of orchestral pitch, 
it  is not uncommon to encounter 
instruments that have been altered 
by cutting at the joints — and it 
is not always possible to detect 
this alteration. 

Fig.  1  

100 

Curve I :  Expected ef fect  of  too short  o  head joint .  

Curve I I :  Idea!  f lute  tuned to A 440.  
Curve I I I :  Expected ef fect  of  wi thdrawing head joint .  
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Some assistance in arriving at 
the answer is afforded by consider
ing the plot in Figure 1. The points 
in Curve II on the line marked 
A 440 are those we would expect 
from a hypothetically "perfect" 
flute, i .e. ,  each note of the scale 
follows the equal-tempered inter
vals with no deviations. (The notes 
depicted are those for the scale 
produced by a simple six-holed 
flute, which conventionally starts 
on D4 and plays F® and as mi 
and t i .)  Now if we lengthen the 
tube by withdrawing the head-
joint,  say 17 mm, the lowest note 
D4  will be flattened by about three 
percent,  enough to lower its fre
quency half a semitone (50 cents).  
But the note C®, which is played 
with all  the finger holes open, will  
be much more greatly affected, 
since the 17 mm represents almost 
six percent of this shorter tube 
length. Thus, the notes will  become 
flatter and flatter as the scale is 
ascended. When the second regis
ter is blown, the phenomenon will 
be repeated, since again we start 
with the entire length of tube and 
end with about half the length (see 
Curve III of Figure 1). The result 
is a scale with a pronounced break 
in the intonation in going from the 
first to the second register.  The 
note D5  does not fall  on the same 
line as the others because jt  is 
played with the C® hole open as a 

6 A BC6  D EF G A BC7  

vent, and a misplaced vent hole al
ways tends to sharpen the note 
when it is opened. Likewise, since 
the upper D6  is a third mode (mu
sically, the twelfth) of G4 ,  i t  will  
deviate about the same amount 
as G. 

Curve I shows the expected ef
fect of a tuning slide set short 
This setting should produce two 
rising plots for each register with 
a pronoun.ced break between them 
— illustrating that the higher part 
of each octave is sharper than the 
lower part.  As a result,  the inter
val between the last note of the 
first octave and the next note above 
will be abnormally small (C^5  and 
D6 ,  for example). A similar break 
on any flute is an indication of an 
abnormal tuning slide setting or of 
a flutist whose habit is to cover the 
mouth hole by a different amount 
than the designer intended. In ei
ther case, adjustment to give a 
smooth transition between regis
ters may provide a clue as to the 
normal pitch of the instrument. 

The other adjustment normally 
possible on a flute is the setting of 
the cork. The cork provides a small 

'  cavity above the mouth hole, which 
functions to maintain a reasonably 
constant acoustic end correction 
over the range of the instrument. 
Adjustment of the size of this cavi-



tv has most effect in the third regis
ter of the flute. Shortening the cork-
to-embouchure distance produces 
a rising characteristic in the third 
octave, the notes becoming succes
sively sharper as the scale is as
cended: withdrawing the cork has 
the opposite effect. 

No general statement can be 
made about the substitution of 
second joints, except of course that 
the longer joints tend to lower the 
pitch of the instrument. Since each 
joint carries individual finger holes 
with it, the scales obtained will 
varv according to the location and 
size of these holes. 

One Key Flutes 

A Repl ica  of  Hot te terre ' s  Flu te  

(Mi l ler  No.  428)  
The transverse flute with six 

finger holes and one closed key for 
Et> was the standard orchestral 
flute from about 1660 to 1775, 
though its use continued for many 
years even after more sophisticated 
instruments were introduced. In
deed, it is still played in "flute 
bands" as is its predecessor, the 
military fife. Its conical bore, with 
cylindrical headjoint, was devel
oped bv the Hotteterres, a family 
of French musicians and instru
ment makers who had a profound 
influence on the design of many 
woodwinds. 

In the Miller collection there is 
a replica of a Hotteterre flute made 
by J. Albert of Brussels. The instru
ment corresponds exactly to the 
one pictured in the well-known en
graving of Hotteterre-le-Romain in 
his "Principes de la Flute" (1707). 
It is made of pear wood with ivorv 
foot, rings, and cap and one silver 
key. One cannot be sure that this 
replica is a precise mechanical du
plicate of the original, but it ap
peared worthwhile to measure it as 
the earliest available sample of the 
family it represents. 

The diagram in Figure 2 shows 
immediately that this instrument 
is low in pitch compared to present-
day standards. Its mean intonation 
corresponds to about A 410, more 
than a semitone below A 440. There 
is a general tendency for the French 
pitch during this period to be low;1  

a frequency of 409 Hz has been 
ascribed to the tuning fork of the 
late 18th century French court 
tuner, Pascal Taskin, and Mer-
senne's Spinet (1648) was tuned 
to A 401. 

The pronounced falling off as the 
scale is descended in the lowest 
register is typical of all the flutes 
tested, a feature which may be as
cribed very largely to the variations 
in the bore of the instrument. The 
extraordinary flatness of the F& 
relative to its neighbors is to be 
especially noted, since this is a 
departure that seems very common 
among the flutes tested. In this 
instrument it is at least 30 cents 
flat. 

At this point it is important to 
remember that we are using the 
equal-tempered scale as a refer
ence. While equal temperament 
was in common use in the 18th 
century (as Bach's "Well-Tempered 
Clavichord" reminds us), consid
erable attention was paid to the 
"natural" scales, and both Hotte
terre and Quantz make distinctions 

in fingering, for example, between 
F# and Gb. The F* (or mi in the 
scale of D) in just intonation is 
14 cents flatter than an equal-
tempered F'. But clearly the rela
tive flattening in the Hotteterre 
instrument is much more than this, 
as it is in several other one-key 
flutes. Another plausible reason for 
such flattening is the desire to help 
somewhat the extraordinary sharp
ness of the F$, for which there is 
no fingering choice except a fork-
fingering in which the hole below 
the F® hole is closed in an attempt 
to flatten the F# The flattening 
thus accomplished is only 20 cents, 
roughly one-fifth of the semitone 
one would like to have. Thus some 
sort of compromise can be reached 
by starting with a very flat F® and 
obtaining a very sharp F&. 

The remaining fork-fingered 
notes are also extremely sharp, 
and this is clearly a fault com
mon to all flutes of this type. The 
notes of the third register, while 
showing some dispersal, are no 
worse than in the other two oc
taves. 

Fig. 2. Observed deviations for a replica of Hotteterre's one-key baroque flute, 
ca. 1700. Open circles are fork-fingered or vented notes. 
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A One-Key Flute by Bressan 
(Miller No. 1207) 

The earliest  authentic specimen 
of the Hotteterre type of instru
ment in the Miller collection was 
made by P. Bressan in London, ca. 
1720-24. I t  is  one of only two 
known transverse flutes by Bres
san, who is better known as a re
corder maker.  The flute is  of box
wood with ivory rings and a silver 
key and is made in three joints,  
the long second joint containing 
all  six finger holes as in the flutes 
of Hotteterre.  

Examination of the diagram of 
Figure 3 shows at once that the 
intonation of this instrument 
leaves a great deal to be desired. 
Of all  the instruments measured, 
it  is  the only one to show down
ward trends,  with an upward break 
as the register is  changed. This 
indicates too long a distance from 
the mouth hole to the finger holes.  
Since no joints were withdrawn, 
we cannot ascribe this excess 
length to misadjustment.  Neverthe
less,  i t  appears that the intonation 
could be very considerably im
proved by shortening this distance 
bv about 15 mm. It  seems unlikely 
that Bressan, an outstanding re
corder maker,  intended the instru
ment to respond in this way. Lich-
tenwanger2  described this flute 
in some detail ,  pointing out that 
there is a serious question as to 
whether the middle joint was made 
by Bressan or by someone else as 
an extra joint for use when the 
pitch was to be lowered. The meas
urements of the scale made in this 
study stri  . ,gthen the suspicion that 
there was originally another mid
dle joint and incline one to think 
that the existing one was made bv 
an inferior craftsman. 

A One-Key Flute by Scherer, Paris 
(Miller No. 330) 

Schercr was a very active wood
wind maker in Paris in the mid-
18th century. Frederick the Great 
is said to have preferred his flutes 
to any others,  in spite of having at  
hand as tutor and flute maker the 
celebrated Joachim Quantz.  The 
specimen here is entirely of ivory, 
with one silver key, and is dated 
bv Miller ca. 1764. 

The scale of this instrument 
(Figure 4) is better than that of 
the two preceding specimens. Since 

in these previous cases there is 
some question as to authenticity or 
accuracy of representation, it  is  
not entirely safe to conclude that 
the earlier scales were the result  
of ignorance or poor workmanship. 
Nevertheless,  on the face of i t ,  
Scherer seems to have been able 
to produce an instrument more de
serving of the appreciation of the 
king than those of either Hotte
terre or Bressan. 

The basic scale is somewhat im
proved, though the fall ing off in 
the lower octave is substantial  and 
the fork-fingered notes are sti l l  
very sharp. Nevertheless,  some im
provement has been achieved here 
also.  The F* is not so drastically 
flat  as in the Hotteterre and Bresr 
san flutes,  and the fork-fingering 
achieves a 35 to 40 cent flattening, 
rather than the 20 or so of Hotte

terre.  The nominal pitch is about 
A 425. 

A One-Key Flute by Cahusac 
(Miller No. 1124) 

The flute by Cahusac, a family of 
English wind instrument makers 
from which many specimens sur
vive, dates from the end of the 18th 
century or the beginning of the 
19th. It  is  completely of ivory with 
one silver key and has the conven
tional four joints rather than the 
solid body of the Hotteterre instru
ments.  The embouchure hole is 
unusually small ,  measuring 7.5 
and 9 mm for the minor and major 
dimensions.  

The passage of t ime does not 
invariably bring improvement.  In 
spite of the longevity and reputa
tion of the Cahusac firm, the into
nation of this flute seems quite 

Fig.  3 .  Observed deviat ions for  a  one-key baroque f lute  (Engl ish ca.  1720) .  
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poor (Figure 5). The scale of D is 
somewhat smoother than that of 
the Bressan. though not as good as 
the Scherer. The flattening of F" 

) relative to the rest of the scale is 
quite pronounced, and again we 
observe the excessive sharpness of. 
the cross-fingered notes F, G' and 
Bb, though in the second octave the 
last becomes quite respectable. The 
break between registers and the 
rising trend in each register indi
cates the upper end is too short. 
The high pitch of this flute, rough
ly A 445, is not common for this 
time period, and it is possible that 
at some later date, the flute was 
shortened by cutting back the sec
ond joint tenon. This instrument 
does have a tuning capability, 
since the tenon is cylindrical and, 

being of ivory, not as thick as a 
wooden one. 

A second set of readings was 
therefore taken with a 10 mm slide 
extension, which was the largest 
that seemed practical. The cork 
distance of 9 mm was very short, 
but since the cork was frozen, no 
attempt was made to change it. 

\ With such a small embouchure 
hole, one expects a short cork dis
tance, so the error may not be 
very large. 

The crosses and dashed lines of 
Figure 5 show the readings with 
the 10 mm tuning extension. The 
break between registers is less 
pronounced, and the scale is some
what improved, though it is still 
rather poor, particularly in the 
lowest register. 

A One-Key Flute by Gerock 
(Coltman No. 26) 

The best one-key instrument 
tested in this series was a box
wood flute with ivory joints by C. 
Gerock, London, dating between 
1821 and 1837. By this time, eight-
keyed flutes were common, and 
Boehm was already at work on his 
new system. But the one-key flute 
was still preferred by many in 
spite of the obvious difficulties of 
intonation. 

Evidently, continued efforts at 
improving the intonation, mostly 
by altering the size and placement 
of the finger holes, did accomplish 
quite a bit (Figure 6). The scale is 
relatively smooth, with a nominal 
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pitch about A 450. The forked fin
gerings are still 20 to 30 cents 
sharp and the F# a bit flat, but 
these discrepancies are much less 
pronounced than for the other in
struments tested. 

Lower Register 
Intonation Problems 

A perfectly cylindrical tube open 
at both ends will have a second 
resonance mode (first overtone) 
very nearly one octave above the 
fundamental. In a flute, there are 
at least two reasons for an altera
tion of this characteristic. First, a 
row of small open finger holes does 
not exactly duplicate a simple open 
end as a termination of the reso
nant column. With the finger hole 
dimensions and spacings charac
teristic of old one-keyed instru
ments, the "shrinking" of the oc
tave can be substantial — as much 
as 40 cents for the C® played with 
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all holes open. The second reason 
concerns the other open end of the 
flute, the mouth hole, which is nor
mally covered to a considerable ex
tent by the player's lip. In order 
to effect the octave jump, the flut
ist pushes his lips forward, thereby 
covering up even more of the erp-
bouchure hole.3  This makes the 
second octave flat relative to the 
first, the magnitude of the effect 
varying over the range but being 
roughly 20 to 30 cents. The same 
remarks hold true for a tube that is 
a uniformly tapering cone. In or
der to counteract these effects, it 
is desirable to build into the in
strument some "octave stretch" bv 
introducing non-uniformities in 
the bore. The needed departure is 
accomplished in the conical flute 
by making the headjoint cylindri
cal, and in the cylinder flute bv 
tapering the headjoint to a smaller 

Fig. 5. Observed deviations for a one-key ivory baroque flute (English ca. 1780). 
The dashed curve is for the same instrument with tuning slide withdrawn 10 mm. 
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Fig. 6. Observed deviations for a one-key baroque flute (English ca. 1830). 

The dashed curve shows the measured passive resonances of the same instrument. 
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diameter at the mouth hole.4  The 
cylindrical head and conical bodv 
introduced by the Hotteterres was 
undoubtedly designed for this pur
pose, but the evidence seems strong 
that his correction was overdone. 

To gain some assurance that the 
falling off in the lowest octave was 
not entirely due to some habit of 
the player, a set of measurements 
was made of the passive reso
nances of this flute. The passive 
frequencies were obtained by caus
ing the flute to resonate with sound 
from an external oscillator and ob
serving the resonance with a micro
phone. Thus, the resulting frequen
cies belong to the geometry of the 
instrument and are independent 
of the blowing technique of the per
former. While they do not duplicate 
the sounding frequencies during 
playing, they do exhibit the depar
tures built into the instrument bv 
the maker to achieve whatever pur
pose he had in mind. 

The dotted line in Figure 6 con
nects the measured points of the 
passive resonances for the Gcrock 
flute. The trend is unmistakably 
similar to that for the. sounded 
notes, showing that the sounded 
notes reflect largely the variations 
built into the instrument itself. 

By looking at points for notes an 
octave apart in the two registers, 
we can observe the octave stretch. 
It varies from an enormous 75 
cents for low D to essentially zero 
for C®. In contrast, the octave 
stretch built into a modern Boehm 
flute is about 20 cents and is much 
more nearly constant over the 
scale.5  While one might argue that 
the blow! g technique for the 18th 
century instruments was different 
than for the modern flute, it seems 
difficult 'to believe that the differ
ence was this great, especially 
since the small embouchure hole of 
the early instruments probably re
duced rather than increased the 
effects of varying lip coverage. At
tempts by this author, at least, to 
blow the lowest notes sharp enough 
to be in tune with the rest of the 
scale resulted in an unacceptable 
tone quality, though the tone at the 
flatter pitch was quite good. Just 
why makers of the early flutes pro
vided such an apparently distorted 
lower octave remains a mystery. 

Conclusions 

The results of these tests on one-
key flutes show that it is possible 
to make such a flute with a scale 
which, while suffering consider
ably in comparison to modern in
struments, might be played in tune 
by a skilled and dedicated practi
tioner. But we observe that the in
tonation properties of these instru
ments varied widely from one to 
another, even for those constructed 
by leading makers. For most, the 
intonation can only be described 
as wretched. 

It may be of interest here to 
quote from an advertisement in 
The Dublin Courant for January 16, 
1747: 

George Brown, Musical  Instrument 
Maker,  dwell ing at  Mr. Hyens's,  
Cutler in Crane-lane,  Dublin,  has by 
his Skil l  and Industry,  brought 
that  Instrument called the German 
Flute to that Degree of Perfection 
that the most  Knowing in that  Art  
can find no defect  in them . .  .  

We are sorry that we had no speci
men of Mr. Brown's handicraft to 
examine. 
1.  Rockstro.  The l lutc 1  London Rudall  Carte 
& Co. .  192S).  p.  122.  
2 .  Lichtenwancer.  "Another Treble Flute 
D Allemacne bv P.J.  Bressan," The Galpin 
Society  Journal ,  vol .  i5  (1902) ,  pp.  45-48.  
3 .  I .W. Collman.  "Resonance and Sounding 
Frequencies of the Flute," Journal Acous.  
Soc.  Am.,  vol .  40 (Tuly 1966) .  pp 99-107.  
4 .  A.H.  Benade & I .W. French,  "Analysis  
of the Flute Head Joint," / .  Acous.  Soc.  Am.,  
vol .  37 (1965) .  pp.  679-691.  
5 .  Coltman,  "Resonance and Sounding Fre
quencies  of  the Flute." 

The Flute Quantz Made for 
Frederick the Great • 

The ebony flute with ivory rings 
(Miller No. 916) that was made for 
Frederick the Great by his court 
musician and teacher, Joachim 
Quantz, is an outstanding item in 
the Miller collection. It is of inter
est not only because of its associa
tion with Frederick, but also be
cause it has an extra key devised 
by Quantz in 1726 and described 
in his 1752 treatise on the flute. 
The extra key, side by side with the 
D& key, was intended to provide 
a distinction between and Et> 
and also was to be used for en
harmonic differences of some other 
notes. Quantz' table of fingerings 
for this flute gives fingerings for 
eighteen notes in the first octave 
and twenty-five in the second. 

The flute has five graduated mid
dle joints, with a 36 mm difference 
between the longest and the short
est. Three of these were tested us
ing the fingerings given by Quantz 
and including several of the enhar
monic notes. Figure 7 displays only 
the results using the shortest and 
the longest joints; the middle one 
was omitted to keep the diagram 
from being too cluttered. No dis
tinctive features are associated with 
the middle joint. 

In providing for enharmonic 
notes, Quantz took the mean-tone 
whole interval as consisting of nine 
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Fig. 7. Observed deviations for the flute of Frederick the Great (German ca. 1750). 
Upper curve is for the shortest of five middle joints, lower curve is for the longest. 
The points connected by vertical lines are for fingerings given by Quantz for 

enharmonic differences. 



intervals of 81/80; he assigned four 
of these to the chromatic semitone 
and five to the diatonic semitone, 
resulting in a difference of 21.5 
cents. This, is the interval Quantz 
desired to provide between D® 
and Et> with his two keys for the 
little finger. The results (shown on 
the curves by points joined with 

vertical lines) were highlv var
iable. Some of this variation may be 
ascribed to the difficulty of main-
tainingthesameblowing conditions 
for each note; pitch can also be af
fected by the condition of the pads 
and the rise of the keys. Though 
the differences between enharmon-
icallv distinct notes ranged from 
zero to 40 cents, the mean of those 
tested (about five with each joint) 
was 19 cents and the difference be
tween D** and was 18 cents — 
quite close to the 21 cents intended. 

It will be seen on comparing 
the two curves that the flute is. 
somewhat better when used with 
the largest joint, though the kinds 
of errors in the two are similar. 
The flute is remarkably low in 
pitch and Miller notes in his ledger 
that it is in the "Frederick The 
Great" register. The Scherer flute 
(discussed in Part I) is somewhat 
better over all, since the maker was 
somewhat more successful in keep
ing the fork-fingered notes from 
such wild departures from the 
mean. 

The enharmonic differences that 
Quantz attempted to make, and 
his extra key, seem hardly of great 
importance in view of the substan
tial irregularities already existing 
— a point of view which must 
have been shared by Quantz' con
temporaries, who (according to 
Quantz) did not recognize the mer
its of his invention. 

Old Style Flutes 
In the last quarter of the eigh

teenth century, solutions to the in
tonation problem using a mechani
cal approach were sought by manv 
makers. Extra holes, provided with 
normally closed keys, took the 
place of fork-fingering, so that 
each note had its own terminal 
hole which could be sized and 
placed with fewer constraints than 
in the one-kev flute. At about the 
same time, the foot joint was ex
tended to encompass C® and C. 
A number of variations of this 

general idea were developed, and 
while 8-key flutes became common, 
as many as thirteen were employed 
in later instruments. We designate 
such flutes as "old style." 

A Six Key Flute by Potter 
(Miller No. 227) 

Richard Potter was one ot the 
earliest British makers to employ 
several keys, and a patent for a 
four-key flute was granted to him 
in 1785. The six-key flute measured 
here was of boxwood with ivory 
rings, a foot joint to C, and had 
three middle joints (labelled 4, 5, 
and 6). The instrument was tested 
with joint number 4. Because the 
pads were dry and distorted, the 
keys were simply sealed shut with 
adhesive putty, and therefore only 
the notes intended to be played 
with the holes alone are repre
sented in Figure 8. 

The basic scale is clearly infe
rior to that of the Gerock one-key 
flute. The F15 is still extremely flat 
relative to its neighbors, in spite 
of the fact that any need to make 
it this way to help a fork-fingered 
Fto has disappeared. In fairness, 
the F" fan be sharpened by using 
the Fll key, and though this is 
somewhat clumsy, it does allow 
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either a diatonic or a just interval 
for the major third in the scale of 
D. Thus while Potter's keys pre
sumably (we did not measure this) 
improve the intonation of the fork-
fingered notes they replace, he did 
not seem to take advantage of the 
newly opened opportunity to im

prove the scale in general. The 
number 4 joint may not be the best 
one for this flute, though the evi
dent sharpness of the C# must lie 
in the poor placement of the first 
finger hole in the joint itself. 
A Large-Holed Flute by Rudall and 
Rose (Miller No. 216) 

The English flutist Charles Ni
cholson insisted on flutes with 
large finger holes. He was re
nowned for his extraordinarily 
powerful tone, and as a result his 
large-hole flutes became quite pop
ular. The specimen measured here 
is of boxwood and has 8 keys. It 
is one of the earliest flutes from a 
famous London firm that is still 
a leading flute maker.1 

Miller remarks that this flute is 
high pitched and extra sharp. The 
first set of measurements revealed 
a scale obviously indicative of too 
short a tuning slide setting. The 
tuning barrel of this flute is extra
ordinarily long — the overlap of 

1. It resembles very closely the illustration 
in Rockstro, The Flute (London: Carte & Co , 
1928), p. 360. 
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Fig. 8. Observed deviations for a six-key old style flute (English ca. 1790). 
Only notes played without keys are shown. 
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the slide is 45 mm. It was with
drawn 24 mm and a second set or 
measurements were taken, giving 
the points shown in Figure 9. 

The intonation of this instru
ment is a very considerable step 
forward. Variations from note to 
note rarely exceed twenty cents. 
The flatness of F" is still evident, 
but this is probably intentional, 
since it is closer to a just scale in 
D than to an equal-tempered one. 
There is some reason to suspect 
that past experience plays an im
portant part in the learning process 
bv which musical intervals are 
established in the minds of the 
listener. It is quite possible that 
flutists and flutemakers, who 
were accustomed to the flat F^ 
on most instruments then in use, 
tended to prefer this departure on 
new instruments also. Another 
problem note on this flute is the 
high F. There are alternative fin
gerings for most of the high reg
ister notes, and it is likely that one 
could be found that would correct 
this note — although high F was a 
poor performer on most early flutes 
and virtually unplayable on most 

. one-kev instruments. 
The pitch as played with this 

slideextension approximates A 440. 
This is a reasonable value for the 
period concerned, though it may 
actually have been intended to be 
slightly higher. Altogether, this 
very early specimen was remark
ably good — much better, as we 
shall see, than some later models. 

A Five Key Flute by Louis Lot 
(Millet No. 988) 

Louis *_ot was an esteemed flute 
maker of Paris, who quite earlv 
started making flutes according 
to Boehm's patents. (The patents 
were originally sold to his father-
in-law, Godfroy.) Boehm flutes by 
Lot are still played and highly 
prized. This specimen, however, 
was a five key, old-style instrument 
made in the traditional French 
small-hole style. Apparently Lot 
did not take advantage of the new 
freedom to improve intonation, 
as it is clearly inferior to the Rudall 
and Rose flute that demonstrates 
what could be done in this respect 
(see Figure 10). 

Fig. 9. Observed deviations for an old style eight-key flute with large 
"Nicholson" holes (English ca. 1825). * -> 
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Fig. 10. Observed deviations for a five-key old style flute with small finger 
holes (French ca. 1860). 
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Fig. 11. Observed deviations for a ten-key old style flute (German ca. 1870). 
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A Ten Key Flute by Euler 
(Coltman No. 37) 

A 10 key instrument made by 
August Euler of Frankfurt am 
Main some time before 1873 was 
the best old-style flute tested. The 
flute is of exceptionally fine con
struction; it features black wood 
with ivory head, metal liners in 
the slots for mounting the keys, 
and cork inserts under the key 
stops to silence their action. 

As shown in Figure 11, this 
flute approaches the smoothness 
of the modern Boehm instrument. 
Note particularly the good intona
tion in the second and third oc
taves, even to the high C. One can 
begin to understand the reluctance 
of some of the outstanding flutists 
of the day to abandon this instru
ment. The certain and silent clo
sure of the holes by fingers alone 
and the opportunity to employ 
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a host of alternate fingerings 
(Rockstro lists 12 possible finger
ings for high F® alone, and a total 
of 137 fingerings, not counting 
trills!) permitted the flutist an 
extraordinary flexibility. 

The-Conical Boehm Flute of 1832 

In 1832 Theobald Boehm of Mu
nich produced a flute with open 
keys and a ring key system which 
was considerably simpler to oper
ate than the old-style flute. Except 
for the key system, the flute was 
little changed, retaining the cylin
drical head and conical bore, with 
finger holes no larger than some of 
those in the Nicholson model. (It 
was not until 1847 that Boehm fur
ther modified the instrument to 
produce what is essentially the 
modern flute used today ) The 1832 
ring key flute, adopted only slowly, 
never replaced the old-style flute, 
but several makers took up its 
manufacture and introduced some 
refinements in the mechanism. 
There is a fine specimen of a ring 
kev flute made by Boehm and 
Mendler in the Miller collection, 
but unfortunately the condition of 
the pads prevented its being tested. 
Instead, a similar flute by Rudall 
and Rose (to whom Boehm licensed 
his patents in England) was tested 
(see Figure 12). 

Whatever the improvements in 
fingering (and in tone — this in
strument did respond easily and 
was capable of moderately loud 
sounding), there is no apparent ad
vantage in intonation over the ear
lier old-style flute (Miller No. 216) 
by the same maker. It is possible 
that the fingerings used in the 
upper octave (those for the modern 
Boehm flute) were not the recom
mended ones, though the notes 
were easily sounded and clearer, 
in fact, than for the old-style flute. 
In any event, the irregularities in 
the first two octaves are fairly large. 

A very similar instrument by an 
American manufacturer, A. Badger 
(Miller No. 363), was also tested 
Its scale was somewhat worse, but 
showed the same general features, 
including the rise in pitch in the 
third octave. 

Fig. 12. Observed deviations for a conical flute with Boehm's 1832 key system 
(English 1853-54). 
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Fig. 13. Observed deviations for two silver Boehm flutes by Boehm and Mendler 
(German ca. 1880). 
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Boehm Cylinder Flutes 

Theobold Boehm's crowning 
achievement was the introduction, 
in 1847, of a cylindrical flute with 
a tapered headjoint, provided with 
a system of normally open keys 
covering very large tone holes. This 
is the flute we play today, and the 
alterations made since the time of 
its introduction have been very 
minor. Although some intonation 
faults remained, there is not much 
evidence, either from the work re
ported here or from measurements 
made by Nederveen,2 that any ap
preciable improvement has been 
made since. 

Two Cylinder Flutes by Boehm and 
Mendler 

The flute whose frequencies are 
displayed in the upper curve of 
Figure 13 was made by the firm 
of Boehm and Mendler for General 
Daniel Macauley in 1877. (It is 
number 161 in the Miller collec
tion.) This is a superbly crafted 
instrument of silver with gold em
bouchure, raised gold plates in the 
center of each key, gold ferrules and 
2. C.J. Nederveen, Acoustical Aspects of 
Woodwind Instruments (Amsterdam: Fritz 
Kquf, 1969); idem., "Blown, Passive, and 
Calculated Resonance Frequencies of the 
Flute." Acustica, vol. 28 (1973), 12-23. 
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tips and an ivory crutch. (Boehm 
made most of his flutes of metal, 
though his licensees, Godfrey in 
France and Rudall and Rose in 
England, usually employed wood 
as the preferred material.) Boehm3 

wrote in sending the flute that it 
was "the last flute I shall ever 
make, and the best I have ever 
made; it is the 'last child of my 
life' with which I hate to part." 

The intonation of this flute is 
somewhat less regular than that 
of other Boehm flutes tested. But 
now we are dealing with a preci
sion which might require more 
careful measurement than the dou
ble set of readings taken here. (With 
fluctuations of 5-10 cents in each 
reading, it is unsafe to take too 
literally small variations in the 
points.) The repetition of the ir
regularities, such as the sharp G*, 
in each register is evidence that 
some of these belong to the flute. 
Miller gives the pitch of this instru
ment as A 445. We do not know if 
this was the design pitch or Mil
ler's estimate as a result of testing. 
Boehm used a geometrical "sche
ma" for placing the holes ,  and my 
own measurements on the Macau-
ley flute give finger hole spacings 
that fit the schema quite well at 
a design frequency of 448 Hz. The 
head joint corresponds to the sche
ma if withdrawn 3 mm, as was 
done in the tests. The mean pitch 
over the major range of the instru
ment corresponds closely to A 449, 
in good agreement with the me
chanical measurements and the 
schema. Thus we have one check 
point on the player. And if Boehm 
followec. lis schema in this case 
(there is every reason to believe 
he did), then the author's blowing 
technique is not far from that for 
which Boehm designed his flutes. 

The lower curve of Figure 13 is 
for Miller specimen number 134. 
This instrument, also made by 
Boehm and Mendler and still in 
excellent condition, was purchased 
in Europe in 1887 by J.J. Small, 
who was then on tour with Buffalo 
Bill's Wild West Show. Miller gives 
its pitch as A 440. The data in Fig
ure 13 show a nominal pitch, as 
blown by the author, very close to 
this Boehm states in his writings 
that he made an allowance in the 
tuning joint of 2 mm for sharpen

Fig. 14. Observed deviations for c silver Boehm system flute (American 1921). 
The upper curve is for a normal (3 mm) tuning slide setting, the middle curve 
for an 8 mm extension, and the lower curve for a 13 mm extension. 
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ing if desired, though Miller in his 
measurements of many Boehm and 
Mendler instruments states that ei
ther 2 or 3 mm was used. The slide 
was extended 3 mm for these meas
urements. The intonation proper
ties of this flute are quite clearly 
better than any we have displayed 
before. There is the familiar rising 
characteristic in the first register 
and a break and repeated rise in 
the second register. Whether this 
indicates too short a headjoint set
ting, or a characteristic of the play
er's technique is an open question. 
In either case, it would seem that 
better intonation would be obtained 
at A 435, which was the standard 
pitch to which Boehm worked. But 
this same effect occurs with pres
ent day flutes which are alleged to 
be A 440. 

Both of these instruments ex
hibit a C®5 which is sharp com
pared to neighboring notes. We will 
find this characteristic in all Boehm 
flutes, and there is a phvsical rea
son for its occurrence — the size 
and position of this hole is a com
promise. Because it is used as a 
vent ''or register hole for D5 and 
D^5, the C8 hole has been moved 
up the tube from its normal posi
tion and made small in diameter 
to maintain the same frequency. 
It can be shown theoretically that 
a tube with such a hole will have 
its mode spacing slightly short of 
an octave. Therefore, if one wants 

C*®6 to be in tune, C'6 must be 
made sharp. Measurements both 
by this author and others indicate 
that many flute makers overdo 
this, making both notes sharper 
than necessary. 

Modern Flutes 

Flutes that are in use today do 
not seem to differ substantially in 
intonation from those made by 
Boehm, and in fact they exhibit 
very similar departures from the 
equal tempered scale. The general 
rising characteristics of the first 
two octaves (with a break between 
them) that we associate with too 
short a headjoint seems almost uni
versal. Measurements on a flute 
by Wm. S. Haynes are shown in 
Figure 14. The upper curve is for 
a normal 3 mm tuning slide exten
sion, which produces A 440 in the 
first octave. The middle curve is 
for an 8 mm extension and the low
er one for a 13 mm withdrawal. 
The last curve is seen to be quite 
free of breaks, and the intonation, 
while rising slowly over the three 
octave range, much more nearlv 
approaches equal temperament 
than the other curves. But, cf 
course, the mean pitch is now ap
proximately A 432. Is this an idi-
osvncracy of the player? The evi-

3. T. Boehm. The Flute and Flute Playing 
(New York, N.Y.: Dover Publ. Co.). 
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dence is strong that it is not. Figure 
15 shows five curves gleaned from 
various sources. All of the players 
were skilled amateurs, and all of 
the flutes are from different mak
ers. Two curves were taken by the 
author and the other three were 
measured by other experimenters 
in Holland. California, and Penn
sylvania. The similarity among 
these is striking. While some play 
generally sharper than others, the 
trends are unmistakably the same. 

Measurements on professionals 
are not so similar. Out of five such 
curves, two showed little of the 
rising characteristic, but the other 
three did. Nederveen4 measured 
both the blown frequency and the 
passive resonance frequencies, and 
the evidence is that the profession
als who achieve a uniform intona
tion vary the blowing and lip cov
erage to compensate for the natural 
tendencies of the instrument. Ah-
rens reports measurements on nine 
players on nine different flutes, 
with results that are in very close 
agreement with those of Figure 15.5 

It is puzzling indeed to find that 
modern flutes all over the world' 
suffer from this intonation fault. 
A much more uniform response 
could be achieved by starting with 
the proportions represented bv a 
flute with an extended head joint 
and shrinking the entire instru
ment to regain a mean pitch of 
A 440. Young hypothesized that the 
error was occasioned by a change 
in standard pitch from A 435 to 
A 440 about 1921, in response to 
which flutemakers are presumed to 
have shortened the headjoints.6 

(This practice is certainlv used to
day when some flutists ask for in
struments tuned to A 442 — surely 
the wrong direction for an orches
tra conductor to go if he wants to 
improve the intonation of his flute 
section!) But, referring back to 
Figure 13. it appears that these 
same faults appear in early Boehm 
specimens. 

I tentatively put forth two pos
sible factors that may contribute 
to this situation. First, it appears 
that the reluctance of flute makers 
to appreciably alter a successful 
design is extraordinarily strong. 
This seems to be coupled with a 
belief that perfection has been 
reached, or so nearly reached that 
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it is unsafe to tamper with the 
instrument. The slowness with 
which improvements were adopted 
in earlv instruments attests to this 
reluctance. Second, intonation has 
always- been judged primarily bv 
the ear. Psycho-acoustical re
searches demonstrate that pitch 
judgments made by listening to 
musical intervals are not the same 
as those arrived at by playing in 
harmony. Significantly, it is found 
that there is an almost universal 
tendency to prefer intervals that 
are wider than those dictated by 
the equal-tempered scale — even 
judgments of the octave are sub
ject to this tendency. Ward found 
that musically trained individuals 
would consistently set an adjust
able octave too wide,7 the effect 
amounting to about 20 cents per 
octave in the range covered by the 
flute. And this is quite close to the 
frequencies actually produced on 
the modern flute. 

It also appears that, subjective
ly, scales are a matter of training 
and experience and that constant 
exposure to a particular scale can 
establish it as a standard of com
parison. In mv own case, I was 
surprised to find that C* always 
sounded flat on my piano; only 
after measuring the frequencies 
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did I find that the was sharp 
on my flute (as it is in most speci
mens) and that I had come to ac
cept this as the correct scale. Ex
pressions of disbelief by some 
flutists on seeing the results of 
their frequency measurements re
inforce this hypothesis. 

If these thoughts are correct, 
then this fault in flute intonation 
is not inherent in the instruments, 
but simply persists from earlier 
designs. The failure to improve the 
intonation comes partly from a re
luctance to make changes and part
ly from becoming accustomed to a 
faulty scale — and it is encouraged 
by a real preference for stretched 
musical intervals in solo perform
ance. 

We have made much real prog
ress since Mr. Brown's advertise
ment appeared in the Dublin Cou-
rant of 1747.® Reading some of our 
modern advertising gives one an 
uneasy feeling that we also may 
be too self-congratulatory about 

4. Ibid. 
5. Ahrens, Tuning of Wind Instruments,' 
Journal of Experimental Education, vol. X\ 
(1947), 275. 
6. R. W. Young. "Why an International Stand
ard Tuning Frequency,"/. Acoust. Soc. Am., 
vol. 27 (1955), 379. 
7. W.D. Ward, "Subjective Musical Pitch," 
/. Acoust. Soc. Am., vol.,26 (1954). 369-380. 
8. See Part I of this article, last paragraph. 

Fig. 15. Collected results for five different players on five different 
modern flutes. 
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Fig. 16. Observed deviations for Jhe Murray Flute with Cooper seole 

(American 1972). 
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the degree of perfection that has 
been reached today. It  seems quite 
probable that a relatively slight 
redesign of today's flute would 
considerably ease the problem of 
attaining accuracy of intonation in 
performance and shorten the long 
period of training and practice that 
is required to produce an accuracy 
of intonation consistent with pro
fessional standards. 

Acknowledgement: Thanks are due to 
William Lichtenwanger and Peter Fay, 
at the Library of Congress, for their 
help in selecting and making avail
able flutes from the Dayton C. Miller 
collect ten. 

Some time after this article was 
written, I learned that Albert Coop
er, in London, was making Boehm 
flutes with revised tone hole posi
tions. Alexander Murray's new 
flute9  was designed with this scale, 
and Mr. Murray was kind enough 
to make a specimen available for 
measurement. The results,  dis
played in Figure 16, exhibit a scale 
clearly superior in intonation to 
any of the others measured. It was 
most gratifying to find that the con
jectured improvements could in
deed be largely realized, and that 
after a static situation of more than 
one hundred years, another for
ward step in flute intonation has 
been made. •  

9. Walfrid Kujala,  "The Murray Flute," The 
Instrumentalist ,  vol.  XXVII,  No 4 (Nov 
1972).  26-29.  
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Fifty Flutists Play One Flute -
A n  A c o u s t i c  E x p e r i m e n t  

by John W. Coltnian 

The annual convention of the 
National Flute Association provides 
an unusual opportunity for the flute 
experimenter. There are gathered 
there in one place at one time a large 
number of flutists, including the 
highest levels of professional per 
formers, teachers, students and ama
teurs. The acoustics research 
committee of that organization de
cided to use this opportunity to carry 
out a controlled experiment con
cerning the pitch of the notes pro
duced by various flutists on the same 
instrument, and the effects of 
changing the head point of that instru
ment. Altogether some 50 flutists took 
part in the tests, which extended over 
three days at the Milwaukee con
vention in August 1975. Probably no 
other flute, and perhaps no other in
strument, has been measured as 
played by such a large sample of per
formers under constant conditions. 
We learned something about the flute, 
something about head joints, and 
quite a bit about flutists, which we 
report here. 

The Experiment 
The experiment was designed to 

gain some objective information 
about the effect of head joint taper on 
the measured intonation of the instru
ment, and on the ability of the flutist 
to perceive an effect in intonation or 
response. It also provided a measure 
of the pitch of the notes produced by 
this particular instrument, and how 
these varied from trial to trial and 
from player to player. From these 
data it was possible to derive differ
ences between professionals and non
professionals as a class, to show how 
the stability of pitch Varied among 
flutists, and how the sensitivity of the 
instrument to blowing variations 
changed with the note being played. 

The major data consisted of elec
tronic measurements of the fre
quencies of notes played by each sub
ject. Ten notes, covering most of the 
range of the instrument, were used. 
These were read from music in which 
they appeared in widely separated, 
irregular intervals, each note 
occurring randomly three times. 
After this set of 30 trials, a different 
head joint was substituted, and the 
thirty notes were played and 
measured again. Afterward, the flute 
was dismantled, and the player was 

asked which head joint gave, in his 
opinion, the better intonation, and 
which the better response. Then one of 
the head joints was placed again on 
the flute, the player was allowed to 
play it, and was asked to identify 
which head joint he was now using. 

Players were asked before the trial 
to classify themselves as: (1) Pro
fessional-major portion of time in
volves the flute, (2) Experienced 
amateur or music student - perhaps 
some teaching, or (3) A few years' 
study and occasional playing. Of the 
fifty subjects, thirty put themselves in 
group (1), sixteen in group (2), and 
four in group (3). Examination of the 
results showed no significant dis
tinction between group (3) and group 
(2), so these were combined into a 
single group called Nonprofessional. 
The high level of capability of flutists 
attending the convention, which in
cluded many of the well-known names 
in the profession, the geographical 
spread in origin, and the large num
bers who participated made this a 
very good sample of the more skilled 
American flute players. 

The flute used* was chosen to be 
representative of a type of instrument 
very widely used in this country. It 
had closed keys, with the body and 
head joints of sterling silver. One 
head joint (called R) has the di
mensions usually supplied on this 
model, the other (Q) had a somewhat 
stronger taper so that its diameter at 
the mouth hole was less - a so-called 
"Louis Lot" taper. The distinction 
between these two heads, while not 
very great from a dimensional stand
point, is about half the total range of 
variation one encounters in modern 
Boehm flutes from different manu
facturers, and thus is typical of the 
choices available. Each head joint 
was made 3-16" longer than normal, 
so that when fully inserted it corres
ponded to a tuning extension of that 
amount. All players used this ex
tension. though they were permitted 
to rotate the head joint. Care was 
taken to repeat this rotation with the 
second head joint. The flute and head 
joints were kept in a temperature-
controlled box while not being played, 
so that only a small warm-up time 
was required to come to equilibrium. 

•We are grateful to the W.T. Arm
strong Company for furnishing the 
model 90 flute and the specially made 
head joints. 

Results, Head Identification and 
Preference 

On the test for identification of the 
unknown head joint, the professionals 
made 18 correct identifications out of 
30, and the nonprofessionals 12 
correct out of 20. Since we expect by 
chance 15 out of 30 and 10 out of 20, the 
results by classes do not show a signi
ficant ability to identify the unknown. 
Taken together, for a score of 30 out of 
50 correct, there is some suggestion of 
a non-random result. One should 
expect a score as unbalanced as this 
in one out of six such tests, and its 
occurrence by accident would be no 
great surprise. But perhaps there 
were some people who could really 
tell - if so there were not very many of 
them. 

When we look at the results for the 
two questions asked about superiority 
of intonation and response, we find 
that even if there were enough dif
ference to be perceptible, the 
difference was not such as to develop 
a group preference for either head. 
Some "no opinions" were received; 
the remaining scores were: 

Better intonation 
Professionals: Q-12, R-14 
Nonprofessionals: Q- 8, R- 9 

Total 20 23 
Better response -

Professionals: Q-13, R-14 
Nonprofessionals: Q-io, R- 7 

Total 23 21 

Under the assumption that the head 
joints * were identical, one expects 
equal numbers of responses, with a 
deviation from this that can be esti
mated from statistical theory. 
Neither in groups nor in total do the 
scores show a significant departure 
from a random selection. 

It is interesting to test another 
factor: the order of playing. In the 
tests, care was taken to rotate this 
order from subject to subject, as well 
as to alternate the head used as an un
known. If we examine the responses 
to questions in the light of order we 
find: 

Intonation better - First played, 16; 
Second played, 25 

Response better - First played, 20; 
Second played, 26 

Since the head joint order was 
rotated, there was no real correlation 
of these qualities with order, and thus 
we can lump all the results to get: 

Better: First played, 36; Second 
played, 51 

The probability of such an un
balanced score occurring by chance is 
one out of ten, and there seems to be a 
real tendency to name the second 

Please turn to the next page 
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instrument tried as the preferred one. 
This tendency has been noted before 
in preference tests, and emphasizes 
the need for randomizing the order of 
playing in order to avoid fallacious 
results. 

Intonation Measurements 
The frequency of the note produced 

by a flute depends on the physical 
parameters of the instrument, and on 
the particular manner in which the 
player blows it. Each player has 
developed a set of habits which 
determine the angle of attack, the ex
tent to which he covers the mouth 
hole, etc. Since these are sensitive 
matters, his control is imperfect, and 
his stability, or ability to repeat a fre
quency for a given note, is also 
limited. The experiment was designed 
to provide a separate estimate of the 
effects of the flute, the differences 
among flutists, and the instability of 
each flutist. 

Frequencies were read with a digi
tal electronic intonation meter which 
displayed directly the number of 
cents (hundredths of a semitone) 
sharp or flat from the standard fre
quency of that note based on an equal 
tempered A440 scale. The response of 
the meter was very rapid so it 
followed unsteady tones. The ob
server recorded a value considered 
representative of that note during its 
duration, which was about three or 
four seconds. Usually the reading was 
sharper immediately after the attack, 
remained fairly steady, and then went 
flat a second or so before the player 
stopped. Readings were taken on the 
steady portion. Three readings on 
each of ten notes for two different 
head joints and 50 different flutists 
were made - a total of 3000 altogether. 

Results - Flute Intonation 
Figure 1 plots the mean values ob

tained for the notes using the two head 
joints, and all the flutists. The vertical 
lines on the points represent standard 
deviations of the mean and 
encompass a region within which we 
could expect the result of a similar 
test to fall two-thirds of the time. The 
range of measurements obtained is 
given by the upper and lower boun
daries of the unshaded region, which 
are set at the extreme value found for 
the mean of three tries at the note by 
any flutist. Lest one jump to the con
clusion that these extremes were due 
to a couple of extraordinarily bad per
formers, the region between is 
liberally sprinkled with points all 
over, and the professionals were al
most as scattered as the 

nonprofessionals. The relatively good 
precision of the mean is simply due to 
using lots of flutists, and points up the 
difficulties of trying to characterize 
the intonation of an instrument using 
one or two players. 

The curves plotted show that the 
flute has a characteristic that has 
been recognized before - it is about 20 
cents flat at the lower end, and rises in 
relative pitch as the scale is ascended, 
being sharp at C I! 5.The second regis
ter repeats this phenomenon, though 
not in such an extreme fashion. Only 
two notes were measured in the third 
register - the F6 is sharp and As about 
in tune, again an expected result. The 
slopes would be even greater had the 
head joints been shortened to get A4-
440 Hz, which is the usual procedure. 
When split into groups by pro
fessionals and nonprofessionals, the 
nonprofessionals were about five 
cents sharper throughout, but the 
shapes of the curves were little 
changed. The desirability of im
proving the scale of the modern flute 
is reconfirmed by these measure
ments of a typical specimen using a 
very representative group of flutists. 

The solid curve is for the normal 
head joint (R) and the dotted one for 
the more tapered one (Q). The 
difference between the two head 
joints is known with much more pre
cision than we know any point, be
cause the same flutist played on each 
one, and differences between flutists, 
which are the major causes of var
iations, cancel out. Statistical 
analysis shows that the head joint 
difference should be known with a 
standard deviation of about one cent. 

The plotted curves of Figure 1 show 
little effect in the first register^ an in
creasing effect in the second register, 
being at most 8 cents forC#gi and 
about five cents in the upper register. 
These values correlate well with 
physical measurements of the head 
joint and calculations of their ex
pected effect, which predicted no 
effect at D4, a gradually rising 
difference amounting to 11 cents at 
C#6, and dropping again to 4 cents for 
Fg and A$. Differences among in
dividual flutists are far greater than 
this. If one wanted to have a head joint 
"custom tapered" to fit his own style 
of intonation, much larger variations 
in taper than this would likely be 
called for. 

Differences Among Flutists 
By far the major cause of 

differences in frequency readings for 
the same note are differences in the 
blowing habits of individuals. Figure 2 
illustrates the distributions of de
viations due to players. Each block 
shows the number of flutists whose 
mean value in 6 trials for that note fell 
in a given 10 cent interval. The pro
fessionals show somewhat more cen
tral tendency, with mean values a bit 
lower than those of nonprofessionals, 
but the ranges encountered are very 
similar. 

The average standard deviation for 
professionals is 9 cents, the lead (7 
cents) being found for Ag, and the 
most 12 cents) for C#6- What this 
means is that with a similar group of 
professionals, two-thirds of the mem
bers could be expected to play C#fc 
within 12 cents of the mean value 

Figure 1 

Deviations of the test flute from the A440 scale. Mean of all players. White area encom
passes the range of results for all players. 
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givfen here; the other third would be 
more than 12 cents sharper, or 12 
cents flatter. 

Nonprofessionals show somewhat 
more variation among their mem
bers, the standard deviation averaged 
over all notes being 13 cents rather 
than 9, and the largest standard de
viation, again for the note C#6, was 18 
cents. All these values have the in
dividual instabilities taken out - the 
estimates are for the deviation one 
would get if a large number of trials 
were made for each flutist, leaving 
only the differences from one flutist to 
another. The next section describes 
the instabilities of individuals. 

Instability of Repeated Playings 
Each flutist played the same note 

three times with each head. Each trial 
in general gave a different reading. 
From these data we can estimate how 
repeatably a given flutist can play a 
note, and how the sensitivity of the 
flute to changes in embouchure and 
blowing varies from note to note. 

Here we use the standard deviation 
for repeated trials, which expresses 
the range about the mean value within 
which two thirds of the trials of a 
single note will fall, using one flutist. 
The grand average of this deviation 
for all notes and all flutists is 6 cents. 
The professionals may be a bit more 
stable than the nonprofessionals, but 
not much. The best average score for 
all ten notes was 2.8 cents, the worst 
9.8 cents, both from professionals. 
Half the pro's scored between 4 and 6 
cents in stability, half the non
professionals fell between 5 and 7 
cents. The distinction is probably 
insignificant. 

Different instabilities are obtained 
for different notes. There are good 
physical reasons to expect this, for 
example, the longer the air column 
the less percentage change in 
effective length is experienced by 
varying the lip coverage of the mouth 
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Figure 2 

Distributions of deviation values for different players on two notes. 

hole. Thus for notes D4 and E5 (long 
columns) the average instability 
using all flutists was about 4 cents, 
whereas for C#5, the average in
stability was 9 cents. This is the most 
unstable note measured. The most 
stable was Ag, for which an average 
instability of 3.7 cents was obtained. 

Conclusions 
Head joint taper changes as large 

as those tested can make changes in 
intonation which are measurable if 
done with lots of sampling. But the 
changes are no larger than one can 
easily get through flutist instability, 
and are much smaller than variations 
among flutists. The distinctions are 
also imperceptible to most flutists, 
and no group preferences were 
developed for one or the other head 
joint. 

The nonprofessionals as a group 
played about 5 cents sharper than the 
professionals over most of the range. 
The instrument itself introduces 
sizable distortions of the scale which 
influence professional and non
professional players alike. The ability 

"of professionals and nonprofessionals 
to repeat the pitch of a particular note 
is about the same, a standard 
deviation of 6 cents being typical. 
Variations from one flutist to another 
are larger. The total range on a single 
note was as high as eighty cents. On 
the average, a span of 22 cents about 
the mean is required to encompass 
the results of two-thirds of the flutists. 

Altogether, there is room for 
improvement - both in the instrument 
and in the players! A modified flute 
with a scale more uniform than that 
exhibited by flutes in common use 
today can substantially improve the 
intonation on the average. But 
variations among players are likely to 
make it difficult for many persons to 
come to a conclusion that an improve
ment has really been made in any 
particular case. 

(Thanks are due to Carol Enlow, 
Larry Bridges, Rosalyn Trotter, 
Cathy Shaw, Carleton Sperati, Diane 
Schick and Dana Bricht for their help 
in taking observations.) 
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Flute Scales 

Pitch and Intonation 

John W. Coltman is the research direc
tor of planning at Westinghouse Re
search Laboratories, Pittsburgh, Pa. 
He is an amateur flutist, collects flutes, 
and does scientific research on the 
instrument. 

There are a variety of ways of 
devising scales, but the one agreed 
upon for Western music is the 
equal-tempered scale, in which the 
octave (a ratio of 2 to 1) is divided 
into twelve semitones, each having 
a frequency equal to the twelfth ( 

root of two (1.05946) times the fre
quency of the note below it. This 1 

scale has the unique property of 
having melodies or chords in any 
key exactly duplicate the intervals 
between the notes. 

While we agree that this scale is 
our standard of measurement, ad
herence to this standard in actual 
performance is very loose. Electric 
organs are tuned this way, as are 
vibraphones and bells. But pianos 
are not — they are "stretched" so 
that notes in the uppermost octave 
are about 20 cents* sharp, and 
those in the lowest about 20 cents 
flat. The mid-range, however, very 
closely approximates equal tem
perament. For string and wind in
struments, the musician determines 
which frequency is produced. In 
ensemble playing, musicians ad
here rather closely to the agreed-
upon equal-tempered scale, while 
in solo passages they often take 
liberties with the pitch. Modern 
electronic measuring equipment 
permits the measurement of fre
quency during performance with 
high precision. Experiments de
signed to determine whether most 
players use Pythagorean, just, or 
equal-tempered scales reveal that 

Keeping in mind that flute scales 
have always been judged by ear and 
that we tend to prefer "stretched" 
scales, we will briefly review some 
of the major steps in the develop
ment of the flute scale up to the 
present time. 

The Renaissance flute is a sim
ple cylindrical tube with six finger 
holes. In principle, the tube ter
minates when a finger hole is open, 
so that starting with all holes 
closed and successively opening 
holes closer to the mouth hole sim
ply shortens the tube and produces 
higher frequencies. But in fact, an 
open finger hole does not provide 
a completely "open" end, especial
ly when the finger hole is small. 
The degree to which the tube be
low the finger hole participates in 
the vibration depends on the fre
quency. For this reason, the natu
ral frequencies of the notes of the 
second register are less than an 
exact octave above those of the 
first. A straight cylinder flute, in 
which small finger holes are placed 
to give a good scale in the first oc
tave will produce notes in the sec-
one octave which get flatter and 
flatter as the player ascends. 

Figure 1 plots the frequencies 
obtained with a simple cylinder 
flute that has rather small finger 
holes. (In this and subsequent dia
grams, a point for each note played 
shows the deviation in cents from 
the correct value of that note based 
on an A-440 scale. Points for an 
accurately tuned A-440 instrument 
would all lie on the zero axis. For 
an equal-tempered A-442 instru
ment, they would all lie eight cents 
higher, on a line passing through 
A-442 on the right-hand scale.) Fig
ure 1 shows that the first octave 
for this flute is not particularly 
bad, but there is a drastic succes
sive flattening in the second octave, 

John W. Coltman 

In striving for better intonation 
in flute performance, it is helpful 
to understand some relationships 
between the instrument, the player 
and the listener. The frequency pro
duced by a flute depends greatly on 
the habits of the player, and the 
pitch perceived by the listener is 
also dependent upon factors other 
than the frequency. Thus, it is nei
ther possible nor desirable to claim 
that a flute is tuned to a particu
lar "absolute" scale. Nevertheless, 
the flute itself is the primary fac
tor in determining the pitch, and it 
is desirable to design instruments 
that enable the performer to pro
duce, with a minimum of effort, 
the frequency he wants. We pre
sent here some experimental ob
servations on flutes and flutists 
that should help in achieving this 
end. 

Perceived Pitch and Scales 
We commonly believe that pitch 

can be specified by its frequency 
(the number of vibrations per sec
ond of a sound wave) and that two 
pitches seem particularly harmo
nious when their frequencies have 
ratios of simple whole numbers. 
But neither of these assumptions 
is exact. 

The perceived pitch of a simple 
tone (sine wave) for example, de
pends on its loudness as well as 
its frequency. To demonstrate the 
effect of volume on pitch, turn up 
the gain of an amplifier being fed 
from a sine wave oscillator. The 
sensation of the note appearing to 
go flat as the volume increases is 
often very marked. Very few peo
ple have "absolute" pitch, the abil
ity to name a note when hearing it 
played alone. Most of us depend on 
recognizing intervals, the ratios of 
the frequencies of two successive 
notes. In Western music these in
tervals have been arranged into 
scales. 

"A cent is one hundredth of a semitone. It 
takes five to ten cents alteration in pitch to 
make a perceptible difference in two suc
cessively played notes. 

- 1 " 

the musicians do not adhere strict
ly to any of these systems.1 In
stead, players and singers all tend 
to stretch the musical intervals — 
including the octave, the one in
terval about which there would 
seem to be no question whatsoever! 

Older Instruments 

1. J.G. Roederer, Introduction to the Physics 
and Psychophysics of Music• New York: 
Springer Verlag, 1973. 
2. Ibid. 



6-  HOLE CYLINDER FLUTE 
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Figure 1.  Deviations in pitch for a simple cylinder f lute,  showing the shrinking 

of the octave. 
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Figure 2.  Observed deviations for a Baroque conical f lute.  Open circles are 
fork-f ingered or vented notes. 
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Figure 3.  Just major tr iads, played by ear,  compared to theoretical values. 
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with the fingered C" actually pro
ducing something close to C. The 
flattening is partly caused by the 
flutist increasingly covering the 
mouth hole as the frequency as
cends, in order to shorten the lip-
to-edge distance. But most of the 
effect is due to the use of small 
finger holes. To play a Renaissance 
flute in tune, alternate fingerings 
must be used in the second octave. 

The Baroque flute, introduced by 
the Hotteterres at the end of the 
seventeenth century, has a conical 
bore with a cylindrical head joint. 
In contrast to the smaller, shrunken 
octave of the Renaissance flute, 
the Hotteterre flute produces a 
stretched octave. Deviations for 
such a flute are shown in Figure 2. 
The effect of altering the bore is 
very pronounced, especially in the 
first octave, and it leaves a net oc
tave stretch. 

The performances charted in Fig
ures 1 and 2 were executed with a 
style of blowing conditioned by the 
modern flute, and without attempt
ing to lip the flutes into tune. Thus 
the results do not necessarily tell 
us how these instruments sounded 
in their own time, but they do 
show the differences between the 
two instruments. 

Figure 3 displays observations 
made as a skilled professional per
former attempted to play major tri
ads in the just diatonic scale on a 
Baroque flute. It is interesting to 
note that while the played notes 
exhibit quite accurately the devia
tions of the just intervals (shown 
as the dashed line marked "theory"), 
a continual sharpening of some 20 
cents per octave is also apparent. 
The sharpening is approximately 
that observed in octave-setting ex
periments using pure tones.2 Here 
we see an example of the tendency 
to consider a stretched octave as 
perfect. A rather hasty experiment 
conducted on the audience at the 
National Flute Association conven
tion gave a similar result. The lis
tening flutists said they preferred 
an octave that actually measured 
six cents too wide. 

Boehm's Flute 

Our currently used Boehm cyl
inder flute has very large tone 
holes and in the first two octaves 
the fingering normally leaves all 
holes below a given point open, in 
contrast to the old style flute where 
holes for accidentals are normally 



closed. Thus, the octave shrinking 
due to finite finger holes is neg
ligible except for the C# hole. Only 
the effebts of variable lip coverage 
remain, and Boehm introduced a 
taper into the headjoint to com
pensate for this. The exact form of 
the taper is regarded with a certain 
amount of mysticism in some cir
cles, and it is alleged to endow 
the flute with a favorable response 
and tone color. Clearly it can af
fect the intonation, but the sensi
tivity of the intonation to the kinds 
of taper changes encountered in 
modern practice is not very great. 

A recent experiment3 was made 
with two head joints that differed 
in the amount of taper to a degree 
representing about half the varia
tion one might expect to find in 
modern flutes of different makes. 
The embouchure holes were as 
nearly identical as possible. Bench 
measurements of the effective 
acoustic lengths predicted that the 
heads would give the same pitch 
at the lowest notes of the flute, 
the pitches would diverge in the 
second octave so that a difference 
of about 10 cents would result by 
the time C6 (1046 Hz) was reached. 
In the third octave they were ex
pected to come nearly together. 
The mean results of measuring 50 
flutists bore out these predictions. 
But the flutists themselves were 
unable to correlate perceived in
tonation or response with the head-
joint, and only 30 out of 50 iden
tified correctly which headjoint 
they were using on a repeat trial, 
a nearly chance result. Interesting
ly enough, most players preferred 
the second headjoint they played, 
even though each headjoint ap
peared in the second position an 
equal number of times. When we 
find that the order of playing can 
easily mask any real effects that 
may be present, and that these ef
fects, at least in intonation, are 
not large, it is understandable that 
subtle variations in taper can hard
ly account for differences in the 
playing qualities of flutes. 

Characteristics of Players 
The difficult question, "What 

scale is produced by the modern 
flute?" cannot be answered with

out a description of the player. 
While we know that different play
ers produce different frequencies, 
we also know that a change in the 
instrument can affect all players. 
So it makes sense to try to char
acterize an instrument by using a 
variety of players. We took advan
tage of the large number of skilled 
flutists at the National Flute Asso
ciation Convention for their help 
in characterizing a single flute, and 
at the same time, took the oppor
tunity to observe the variations in 
players.4 

Thirty professional and twenty 
non-professional players took part 
in the experiment, each playing the 
same ten notes in random order 
with enough trials so that each 
note appeared three times. There 
was a remarkable variation among 
the flutists. The mean frequencies 
observed for a single note varied 
as much as plus or minus 40 cents 
from the group mean — a range of 
nearly a semitone! While some 
players were sharp and others 
flat, the characteristics of the flute 
were clearly discernable, as we can 
see in Figure 4 which plots the 
mean values for the players and 
the ten notes played. The values 
have been adjusted to make the 
professional A exactly 440 Hz, by 
assuming a tuning slide extension 
of 1.9 mm and making correspond
ing corrections for each note. 

The similarity in the form of the 
curves between the two groups of 
players is striking. The non-profes
sionals show a tendency to play 
slightly sharper than the profes
sionals, but if the headjoint had 

been pulled out another millimeter 
for the amateurs, the two curves 
would superimpose throughout 
within two cents. It seems justifi
able to say that the characteristics 
exhibited in Figure 4 can be at
tributed to the flute. The instru
ment used in the test (a plateau 
model 90 Armstrong) is identical 
(in dimensions) to hundreds of 
thousands of flutes now in use. 

To bring the flute to a more uni
form intonation, it is necessary to 
shrink the hole spacings as a group 
leaving the dimension between the 
mouth hole and the A hole un
changed. Such a change has been 
made by Albert Cooper, the Lon
don flutemaker, and by some Amer
ican manufacturers — a step which 
seems clearly desirable in the light 
of above results. While similar 
large-scale tests have not, to my 
knowledge, been carried out on 
Cooper scale flutes, results using 
a single player indicate that the 
scale is closer to equal tempera
ment, is much more uniform, and 
has a slight rising or stretched 
characteristic, a desirable feature 
in the flute scale. 

The curve of Figure 4 shows the 
mean results for all the flutists. 
The variations among flutists, and 
the flutists' abilities to repeat the 
pitch on different trials are also of 
interest. The variations were very 
large. On a given note, say A4, a 
single flutist produced readings on 
three trials (separated of course 
by playing other notes) that varied 
as much as 20 to 30 cents. A mea
sure of this spread, the "standard 
deviation," averaged six cents, im-
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3. J.W. Coltman, "Fifty Flutists Play One 
Flute," Woodwind World, (March, 1976). 
4. Ibid. 
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4.  Results of  tests using f i f ty ski l led f lut ists on the same instrument.  

{Three thousand readings are incorporated in these values.)  
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Figure 6. Changes in pitch produced by deafening the flutist.  Tests A and B are 
different flutists. 

« 

plying that if a representative flut
ist made a large number of trials 
on a typical note, two-thirds of his 
trial values would lie within plus 
or minus 6 cents of his mean value. 
Flutists vary in stability. In these 
tests the best had a standard de
viation of 2.8 cents, the worst 9.8 
cents. The professionals as a group 
were not significantly more stable 
than the non-professionals, which 
comes as a bit of a surprise. 

Considerably larger variations in 
pitch occur among players. Fig
ure 5 shows how the results were 
distributed for two particular notes. 
Each block height represents the 
number of flutists whose results 
(mean of three trials) fell within 
the ten-cent interval indicated. 
Thus for professionals playing A4 

(lower left diagram) twelve play
ers were ten cents flat, one player 
was forty cents flat, and one was 
ten cents sharp. This evidence 
clearly points out the difficulties 
of testing flutes with only a few 
players. 

Experiment II 
It is interesting to speculate on 

the devices that players use to 
guide them while producing notes 
in test situations. In the above 
tests, random note order was em
ployed, with octaves and close in
tervals avoided to make it difficult 
for the flutist to judge the inter
vals, and to have each note recur 
in a different context. The players 
were instructed to play the note the 
way it sounded best and not to at
tempt to "pull" it to achieve any 
given interval. However, much of 
their training involved learning to 
blow in tune, and their ear was 
constantly involved in this pro
cess. How completely they could 
really divorce themselves from 
these aural cues is not known. But 
I did perform one interesting ex
periment to see if the ear was a 
substantial factor in the process. 

It is possible, I found, to "deaf
en" a flutist effectively by having 
him wear enclosed earphones into 
which a loud "white" noise is 
played. The term "white noise" is 
used to express a noise that con
tains all frequencies over a wide 
band, with no identifiable pitch. 
I used the noise found between 
stations on a sensitive FM radio. 
The arrangement prevented the 
player from hearing himself, ex
cept on the very highest notes. 

I was fortunate to have two well-
known professional flutists who 
were good humored enough to 
submit to the indignities of being 
thus assaulted while attempting to 
play. The results of these tests 
are displayed in Figure 6. The 
points joined by solid lines repre
sent the frequencies the flutist pro
duced under normal conditions. 

'• Those joined by dotted lines are 
the same notes played while the 
flutist was unable to hear himself. 
Both flutists show significant shifts 
in intonation, but the interesting 
thing is that the shifts were not in 
the same direction. In the low oc
tave, flutist A went sharp about 
15 cents, while flutist B went flat 
about the same amount. In the 
third octave they both went sharp, 
while in the middle octave flutist A 
remained unaffected and flutist B 
went flat. These are very prelim

inary results. They tell us that the 
ear does indeed enter into the pro
cess, but not necessarily in such a 
way as to improve intonation. Nor 
is there any hint of a general rule 
concerning the effect. Much more 
data of this sort would be needed 
to describe the effect more precisely. 

In conclusion, the scales of most 
contemporary flutes are clearly not 
as well suited to the average flut
ist as they might be. At the same 
time, individual flutists vary sub
stantially, and neither their ear nor 
the ear of listeners is a very pre
cise instrument for making judg
ments. It is understandable then 
that flutemakers have difficulty in 
producing flutes with an intona
tion that will satisfy all their cus
tomers. Once a player has selected 
his flute, he himself is responsible 
for controlling the subtle variations 
in pitch. • 

- 4 -
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Measurements of the phases of free jet waves relative to an acoustic excitation, and of the pattern and time 

phase of the sound pressure produced by the same jet impinging on an edge, provide a consistent model for 

Stage I frequencies of edge tones and of an organ pipe with identical geometry. Both systems are explained 

entirely in terms of volume displacement of air by the jet. During edge-tone oscillation, 180° of phase 

delay occur on the jet. Peak positive acoustic pressure on a given side of the edge occurs at the instant the 

jet profile crosses the edge and starts into that side. For the pipe, additional phase shifts occur that depend 

on the driving points for the jet current, the Q of the pipe, and the frequency of oscillation. Introduction of 

this additional phase shift yields an accurate prediction of the frequencies of a blown pipe and the blowing 

pressure at which mode jumps will occur. 

Subject Classification: [43]75.60. 

INTRODUCTION 

The phenomenon of edge tones and the maintenance of 
oscillation in organ pipes and flutes have long been con
sidered to be connected. Many texts put forth an expla
nation of the second in terms of the first, a rather cir
cular procedure in view of the fact that there are many 
gaps in the theoretical basis for both. The subject mat
ter of this paper can be illustrated by the results plotted 
in Fig. 1. Here are plotted the observed oscillation fre
quencies versus blowing velocity for two jet-edge situa
tions, a normal organ pipe, and a simple edge-tone 
generator with identical jet-edge geometry. For the 
pipe one observes oscillation near the frequencies of 
the normal modes of the pipe, the frequency for each 
mode rising slightly as blowing velocity is increased. 
The oscillations jump (with hysteresis) to the succes
sively higher modes as the blowing velocity is increased. 
There is a point on each plateau at which the frequency 
equals the passive resonance frequency of the pipe 
mode. At this point the jet may be said to be driving 
the pipe at its natural frequency. The oscillation has 
already become quite strong, though it may increase 
slightly at higher blowing pressure. Coltman1 has 
shown that the flute is normally played near this condi
tion. Note now that the edge-tone frequency obtained 
for the same geometry and blowing condition is far re
moved. An operating line drawn through the normal 
organ-pipe resonance points lies, in frequency, well 
below the edge-tone characteristic. Thus the picture 
of an organ pipe as a resonator coupled to an edge-tone 
generator, and "amplifying" its response is certainly 
oversimplified. It is the intent of this paper to de
scribe, mostly from direct observation but partly theo
retically, some of the various mechanisms involved in 
these two tone generators, and to present a consistent 
picture of their behavior. In doing so we must tackle 
several of the many uncertainties in our current picture 
of the mechanism, and give evidence for resolving these 
uncertainties. The evidence is provided, as far as pos
sible, by direct experimental measurement, with as lit
tle recourse to mechanistic hypothesis as possible. 

I. OSCILLATION MECHANISMS 

The mechanisms of maintenance of oscillation in 
edge tones and in organ pipes have been the subject of 
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experimental and theoretical treatment by a number of 
authors in the last two decades.2-8 The process has 
generally been to examine a feedback loop which com
prises: (1) the initiation, near the point of issuance, 
of a wave on the jet, (2) the growth and propagation of 
this growing wave down the jet, and (3) the impingement of 
the oscillating jet on the edge or wedge and the subse
quent generation near this point of the acoustic distur
bance which initiated the process. Oscillation takes 
place when the loop gain is unity and the sum of the 
phase shifts around the loop is an integral multiple of 
2v.  

Unfortunately, none of the processes named above 
are well determined, either experimentally or theo
retically. Karamcheti0 and his students have charac
terized quite completely the jet flow field when operat
ing as an edge-tone generator. Their results show that 
the velocity of propagation of the wave on the jet is not 
uniform in space, and that it is not independent of fre
quency. We also know9 that the behavior of the jet de
pends on whether it is laminar, and on the distribution 
of jet velocities across the thickness of the jet. Phase 
relationships between the disturbing acoustic oscillation 
and the starting of a jet wave have nowhere been re
ported. Powell3 discusses this uncertainty and its im
plications with respect to determining edge-tone fre
quencies. Finally, the manner in which the jet pro-

Jet Velocity —•-

FIG. 1. Frequency behavior of jet-edge oscillators. 
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duces the acoustic disturbances is arguable—Powell2 of
fers two possibilities for edge-tone generators—the an
nihilation by the wedge of transverse jet momentum, or 
the creation of a dipole current source by the jet. In 
the case of organ pipes, Cremer and Ising5 ascribe it to 
the jet current inserted behind the impedance repre
sented by the mouth end correction, while Coltman4 took 
the view that the driving force was due to momentum 
transfer from the jet to the acoustic flow. Depending on 
which of these views is taken, one is also faced with un
certainties as to where the interaction takes place, and 
its duration. In trying to pin down some of these ques
tions, one is forced to choose a rather limited variation 
of parameters so as not to further complicate an already 
quite complex situation. In this work then, we have 
fixed the dimensions (width and thickness) of the jet, 
made the jet passage long to assure laminar flow with 
a parabolic velocity distribution, and confined the treat
ment to the case of first stage oscillations, i. e., those 
in which the jet wave executes less than one complete 
oscillation between lip and wedge. We also maintained 
symmetry in the geometry where possible, and avoided 
situations where harmonics were strongly generated. 
The picture is therefore far from exhaustive—we can 
only hope that it clarifies some of the basic processes 
in the simpler cases. 

II. PHASE DELAYS ON THE JET 

An important portion of the entire delay of 2v occurs 
as a result of propagation times of jet waves. Deter
mination of these is not as simple as it might seem. 
"Jet" is, in fact, not well defined. The particles of air 
issuing from the slit almost immediately begin to im
part some of their motion to the surrounding air. To 
photograph patterns of smoke-filled jets, as has been 
done by most of those who have studied the question, 
tells us only what space, at a given instant, is occu
pied by air that came from the jet. It does not tell us 
how the jet particles are individually moving, what 
paths they followed, or what other motion is taking 
place in air that is not marked with smoke. Karam-
cheti8 and his students have greatly improved on this 
technique by measuring the velocity of air motion with 
hot wire anemometers throughout the whole flow region. 
Figure 2, reproduced from the thesis of William 
Shields10 is illustrative of the measurements they have 
made. With these one can in principle decide what por
tions of the field he will consider to be the jet, and what 
characteristic (displacement of the centerline of the 
forward momentum profile, transverse velocity at the 
axis of symmetry, etc.) should be measured when char
acterizing propagation velocities. Fortunately, Shields' 

FIG. 2. Streamlines and velocity profiles during edge tone 
oscillation from Shields.10 

North 

South 

FIG. 3. Cross section of arrangement of slit blocks, loud
speaker exciter and Pitot tube microphone for measuring jet 
phase. 

measurements show that the jet is, by and large, well 
behaved, and that earlier streak photographic work 
gives a reasonable basis for physical behavior. For the 
kinds of displacements shown, the jet profiles remain 
coherent, and the jet behavior in the region between the 
slit and the edge can generally be looked at as a trans
verse displacement of a group of largely forward-mov
ing particles. The vortex patterns seen in streak photo
graphs seem to play a negligible part in the oscillation 
mechanism. For our own purposes, we chose to ob
serve the pressure generated by the jet as it swept over 
the tip of a Pitot tube microphone, giving a pressure 
waveform whose phase and shape could be used to de
scribe the position of the forward momentum convection 
profile as a function of time. The transverse location 
of the maximum of this profile we call the jet position, 
and its variation in phase of y displacement with posi
tion along the x axis is the property whose propagation 
we deal with. 

The experimental arrangement for measuring jet wave 
propagation is detailed in Fig. 3. The blowing slit was 
formed by the gap between two long blocks of wood, with 
cardboard glued above and below. The jet, whose ve
locity profile is parabolic after traveling through the 
long passageway, emerges from a wall perpendicular 
to the jet axis. The long passage assured laminar flow 
at the velocities used. The slit width (minor dimension) 
was 1. 59 mm, the same as used by Shields, so that di
rect comparison with his very extensive data would be 
possible. The large slit dimension was 17. 7 mm. The 
probe microphone had a sensitive element made from a 
piezo ceramic disk. A thin-walled Pitot tube, 0.10-cm 
inside diameter and 3. 2 cm long, extended from a very 
shallow cavity in front of the disk, and was flattened at 
its outer end to make an entrance aperture 0. 13 mm 
wide. The tube and cavity had a resonance frequency 
of about 3 kHz. A piece of thread inserted in the tube 
damped this resonance. Phase-shift measurements on 
this microphone gave an equivalent response time delay 
of about 2xl0"4 sec. This correction was applied where 

J. Acoust. Soc. Am., Vol. 60, No. 3, September 1976 



I 
727 John W. Coltman: Jet drive mechanisms in organ pipes 727 

necessary. Micrometer movements were used to posi
tion the tip at desired points in the xy plane that bi
sected the vertical dimension of the slit. 

Positioned on either side of the slit were two high-
compliance loudspeaker units, of 10-cm nominal diame
ter. These were joined facing each other by a plexi
glass cylinder which had openings to admit the slit 
blocks and the probe microphone. The two speakers 
were driven by a two-channel stereo amplifier, into 
which was fed a sinusoidal audio signal of the desired 
frequency. Phasing was such that the two diaphragms 
moved simultaneously in the same direction, carrying 
a mass of air between them. A phase shifter in one 
channel, together with volume control adjustments, per
mitted attainment of an excellent acoustic pressure null 
on the central plane, so that no acoustic signal was 
picked up by the probe microphone when it was on axis. 
A signal from the driving oscillator, variable in phase 
and amplitude, could also be injected into the micro
phone circuit to cancel any acoustic signal, if desired, 
when the microphone was off axis. 

With this arrangement, the jet profile and its position 
could be inferred from the wave forms of the micro
phone signal recorded at various x and y positions. A 
complete set taken at a distance of 6. 7 mm from the slit, 
with a jet velocity (centerline) of 900 cm/sec shows a 
smooth velocity profile only about 10% wider than the 
slit, moving bodily in the y direction at the driving fre
quency of 256 Hz through an excursion about equal to its 
half-width, with essentially no change in shape. While 
complete sets were not analyzed for other conditions, 
no abnormal behavior was observed within reasonable 
distances, even when excursions were large. 

With the microphone on the centerline, the time of 
crossing of the jet could be recorded, and by temporari
ly displacing the microphone slightly, a distinction 
could be made between a northbound and a southbound 
crossing. (The diagram of Fig. 3 has the regions 
above and below the centerline labeled North and South 
for reference purposes.) The microphone could also be 
used, when the jet was turned off, to explore the acous
tic field produced by the loudspeakers. A y traverse 
near the jet wall gave a linear variation of pressure 
with distance—this gradient sufficed to determine the 
acoustic particle velocity exciting the jet. At the same 
time, the phase of the acoustic pressure (with respect 
to the driving oscillator) could be determined, and the 
jet crossing time correlated with this. As a reference, 
we chose zero time to be the time of occurrence of the 
peak positive (above atmospheric) acoustic pressure in 
the northern half. This is the instant at which the air 
particles in the vicinity of the jet have zero acoustic ve
locity, and are about to begin a southward movement. 

Our eventual purpose is to describe the phase delays 
in the feedback loop which will necessarily add up, un
der oscillating conditions, to an integral multiple of 2ir. 

We first must deal with the question of our reference 
zero time, and its implication with respect to any initial 
phase shifts that may be present. 

At frequencies approaching zero, the jet will cross 

n 360 

450 

^ 100 o 
O 

- 270 -

600 800 100 200 300 400 501 
Frequency -  Hz 

FIG. 4, Phase shifts on the jet (long lines labeled with center-
line velocities in cm/sec) and in the organ pipe (humped 
curves). The passive resonance frequencies of the three 
pipe modes are at the vertical dashed lines. Slit to edge dis
tance 7 mm. 

the space from slit to edge before the exciting velocity 
has appreciably changed. Thus for our chosen zero 
time, there is no acoustic crosswind anywhere in the 
region, and the jet, emerging into a still region, should 
travel undisturbed down the centerline to impinge sym
metrically on the edge. A little later, there will be a 
southward acoustic velocity of the surrounding air, and 
the jet will be deflected into the region south of the cen
terline. Thus in the limit of zero frequency, the jet 
deflection is in phase with the acoustic volume velocity. 
Any departure from this condition, that is, failure of 
the jet to make a southbound crossing of the edge at 
zero time, we ascribe to a delay occasioned by finite 
travel time of a wave on the jet. This delay we report 
as an angular phase shift at the frequency used, and we 
expect such phase shifts to extrapolate to zero for zero 
frequency. 

Measurements of the instants of crossing were made 
for a variety of slit to edge spacings, acoustic driving 
frequencies, and jet velocities. No appreciable depen
dence on amplitude of the acoustic excitation was found, 
so this was set at a value that gave a jet swing, at 1-cm 
distance, of several jet widths. The data can be dis
played in several ways. For purposes of frequency pre
diction, it is convenient to plot, for a fixed distance of 
the detector from the slit, the phase shift as a function 
of frequency. Figure 4 gives curves for each of several 
jet centerline velocities (controlled by the blowing pres
sure) for the case of a 7-mm distance. The curves can 
be plausibly extrapolated back to zero at frequency, 
though they are not straight lines, as would be obtained 
if the jet wave propagated with uniform velocity. Simi
lar data were taken at 3-, 5-, and 10-mm distances. 

From these data one can also plot the delay time 
(time from our zero reference to the time of south
bound crossing of the jet) as a function of distance. 
This is done in Fig. 5 for a jet centerline velocity of 
1000 cm/sec and two frequencies. Remarkably enough, 
we find the curves for the two frequencies do not super-
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FIG. 5. Propagation of centerline crossing for two different 
exciting frequencies. Jet centerline initial velocity 1000 cm/ 
sec. Dashed line uniform propagation at 1000 cm/sec. 

impose, though their slopes on the straight portions are 
nearly the same, and correspond to a propagation ve
locity, once 3-5 mm away from the slit, of 500 cm/sec. 
This is just half the centerline velocity of the jet itself, 
which is represented by the dashed line. Note also that 
the propagation velocity at the beginning seems to be 
faster than that of the jet particles themselves. If we 
think of the acoustic motion as carrying the jet bodily 
from side to side, then when the jet wave itself is small 
in amplitude the apparent crossing time is independent 
of distance, i. e., it appears to propagate with infinite 
velocity. This may account for the initial displace
ments of these curves. The nonuniform propagation ve
locity and the dependence on frequency contribute to the 
difficulties encountered by many authors in attempting 
to arrive at simple theories to fit edge tone frequencies, 
especially since we anticipate that jets with different ve
locity profiles will exhibit different wave velocity char
acteristics. It must be pointed out that what is being 
measured here—the position in time and space of the 
forward velocity profile—is a somewhat artificial quan
tity. The bodily motion of the acoustic field carries the 
whole jet pattern with it, except near the slit where the 
requirement for infinite transverse acceleration of the 
newly emerging jet particles makes such an occurrence 
impossible. This can give rise to apparent phase shifts 
which may depend on the choice of the quantity being 
measured. Thus no attempt is made here to theoretical
ly explain the measured shifts, but we merely exhibit 
the various delays which take place in the feed-back 
loop. 

III. ACOUSTIC DISTURBANCES GENERATED BY THE 
JET 

As mentioned in the introduction, there is no general 
agreement as to how the energy carried by the jet is con
verted into acoustic oscillations. To investigate this in 
more detail, the slit system described in Sec. II was fitted 
with an enclosure that could be converted from a jet-
edge system to an organ- pipe system without changing the 
slit-edge geometry. At the same time, 12. 7-cm top 
and bottom plates of the enclosure served to make the 
acoustic field near the jet two dimensional rather than 

three dimensional, i. e., the acoustic and jet motions 
were independent of the z dimension. The arrangement 
is sketched in Fig. 6. The plates were made from j-
in. -thick plexiglass. The top plate was pierced with 
1. 4-mm diameter holes in a square array - 0. 5 cm on 
centers in the neighborhood of the slit and wedge, and 
1 cm on centers farther away. These holes, a few of 
which are indicated in Fig. 6, were used to sample the 
acoustic pressure at the corresponding points by using 
a small probe microphone fitted with a soft rubber face 
to make a seal around the hole. Holes not being sam
pled were closed with small squares of plastic electrical 
tape. The wedge, of 10° total angle and 2. 5 cm long, 
was cemented between the two plates, and had bored in 
it a canal leading through the upper plate. Scotch tape 
was placed on each side of the wedge after the canal was 
bored, so that a very narrow aperture was formed at 
the leading edge, whose width was about { mm. The 
sampling microphone, placed on the canal, could ob
serve the impulse as the jet swept over the edge. A 
small correction for acoustic transit time in the canal 
was used. 

This arrangement produced edge tones very clearly 
over a wide range of slit-edge distances and blowing 
pressures. The apparatus differed from those which 
other workers have used in the study of edge tones by 
virtue of its two-dimensional rather than three-dimen
sional acoustic field. To see if this change was impor
tant, experiments were made comparing the frequencies 
generated here with those produced using a free-stand
ing, long (vertically) wedge. The results differed by 
only a few percent, and there seems to be no reason to 
believe that the mechanisms observed here are differ
ent than those of the usual edge-tone apparatus. 

A square pipe, alao made of 1-in. plexiglass, 1. 9-
cm inside diameter and some 60 cm long, was shaped 
at one end as shown in Fig. 6 so that it could be fitted 
into the wedge enclosure to form an organ pipe. After 
sliding it in, modeling clay was used to seal the joints. 
Probe holes were also provided all along the upper sur
face of the pipe. The response of this pipe, whose first 
mode was at a frequency about 250 Hz, was very good. 
It differed from the usual organ pipe, in that the jet had 
a parabolic profile and no offset, that is, the slit and 
wedge center planes were coplanar, and by the existence 
of the large confining plates needed to make the flow pat
terns two dimensional. These differences are believed 
inconsequential to the behavior characteristics mea
sured here. 

FIG. 6. Sketch of enclosed jet edge system, and the remov
able pipe that could be fitted in to make an organ pipe. 
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IV. EDGE-TONE ACOUSTIC FIELD 

A microphone placed at the edge of the enclosure was 
used to synchronize the oscilloscope on which both the 
pressure waveforms and jet impulses were observed, 
so that their phases could be related. When oscillating 
as an edge-tone generator with a jet centerline velocity 
of 900 cm/sec and a slit-edge distance of 7 mm, a fre
quency of 419 Hz was produced. The acoustic pressure 
observed at the sample holes was more nearly triangu
lar in waveform than sinusoidal, and had very nearly 
the same time phase all over the region probed. Since 
this extent (about 2 cm around the wedge) was small 
compared to a wavelength, this is not surprising. From 
readings of the acoustic pressure at each sampling hole, 
one can construct the contours of constant pressure giv
en in Fig. 7. The limited array of sampling points 
makes the contour positions near the wedge uncertain. 
However, the dipole nature of the field, inferred by 
Powell2 from farfield measurements, is very clear. 
Moreover, the apparent source of the pressure must 
lie quite close to the tip of the wedge. 

A very significant finding concerns the phase of this 
pressure with respect to the jet-crossing time. For a 
wide variety of blowing pressures and slit-to-edge 
spacings this phase was, within a few degrees, invari
ant, and followed this rule: The peak positive pressure 
in the north half occurs simultaneously with the north
bound crossing of the jet at the edge. This finding rein
forces the often noted observation that the location of 
the tip of the edge is the all important factor in deter
mining edge-tone frequencies, even though the jet 
forces may in some fashion be exerted farther away and 
at a later time. It is exactly consistent with one of the 
two suggestions put forth by Powell2 (and used by Cre-
mer and Ising5 in organ-pipe theory) that the jet, blow
ing alternately above and below the edge, supplies the 
current for a hypothetical dipole acoustic source lo
cated at or near the edge. We can resort to a symme
try argument to establish the phase. The dimensions in 

North 

South 

FIG. 7. Contours of acoustic pressure (relative peak values) 
during edge tone generation. Frequency 419 Hz, siit-to-edge 
distance 7 mm. 

the region being considered are small compared to the 
wavelength, and we may treat the air as imcompressible. 
Any excess jet air introduced into the northern half will 
displace the surrounding air, which may go south 
through the gap or northeast to escape from the region. 
Likewise, when the jet is blowing into the southern re
gion, air will move north through the gap. At the in
stant the jet centerline crosses the edge, air is being 
introduced equally into the two regions. At this instant, 
the readjustment (acoustic) flow must be zero. Since 
the air movement is controlled by its inertia, the pres
sure is 90° out of phase, that is the pressure is at a 
maximum at this instant, and of such a polarity as to 
begin to force air out of the region into which the jet 
is just entering. This is in accordance with the obser
vations. The role of the wedge is seen then, not as an 
obstruction on which the jet plays, but merely a parti
tioning agent which determines the region into which 
air from the jet flows. The crucial part played by the 
position of its leading edge becomes obvious. 

This picture is further reinforced by quantitative 
measurements. The probe microphone could be cali
brated directly by observing the impulse generated by 
sweeping it through the stationary jet. That stagnation 
pressure could in turn be related to the pressure ob
served in the acoustic field with the same microphone. 
A sketch of the flow lines orthogonal to the contours of 
Fig. 7, and spaced so as to form squares, permitted an 
estimate of the total acoustic flow represented by the 
field. For the geometry used, about of the flow re
turns through the gap, and -$5 goes out into the space. 
The saddle point on contour 5 represents the division. 
The total acoustic flow was found to be about 80% of the 
jet flow, a reasonable number in view of the fact that 
the jet may not have been swinging completely beyond 
the cutting edge. 

When the blowing pressure is increased, it is found 
that the sound pressure in the acoustic field rises. The 
relative acoustic current is determined by dividing the 
acoustic pressure by the frequency, which also varies. 
A plot of acoustic flow versus jet flow is very nearly 
linear, except for a dropping off at low jet velocities, 
which again may be ascribed to a jet swing less than the 
jet width. Thus we have a consistent picture that the 
acoustic air movement may be described, both in phase 
and amplitude, as a redistribution of the surrounding, 
incompressible air when jet air is forced alternately into 
the spaces above and below the edge. It will be noted 
that effects of entrainment, which Cremer and Ising 
called upon to explain a square-law rise of acoustic 
pressure with jet velocity in an organ pipe, are not ap
parent. Entrainment will enter into this picture only to 
the extent that air particles not belonging to the jet are 
transferred from the lower half to the upper half (and 
vice versa)—entrainment along each edge, staying with
in the original half, does not contribute. Nor does the 
momentum transfer which Coltman used to explain simi
lar observations on the flute, explicitly appear. The 
lack of any "momentum transfer" may be inferred both 
from Karamcheti's streamline and profile measure
ments, and from the directions of acoustic current flow 
in the diagram of Fig. 7. Here the jet flow and acous-
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tic flow are in the same direction only in the region east 
of the apparent source—nearer the edge they are in op
position, so that the momentum transfer effects could 
cancel out. 

Powell's alternative explanation, that the force on the 
wedge is due to the annihilation of transverse momen
tum, is not upheld by the observations reported here. 
His view that the dipole acoustic pressure is the reac
tion force of an aerodynamic (circulation) lift force on 
the wedge is still valid—we see that at the instant the jet 
crosses the centerline, net current flow from one half 
to the other is zero, but one side of the wedge has a 
marked excess of moving jet air flowing along it from 
the previous half cycle. The excess is maximum at 
this instant, corresponding to the maximum pressure 
we inferred from the current flow picture. The role of 
the edge position is much more clearly displayed, how
ever, by the simple current redistribution picture. 

V. EDGE-TONE FREQUENCIES 

Armed with the phase relation between jet-crossing 
time and acoustic pressure and with the empirical in
formation in Fig. 4 about the phase delay between acous
tic excitation and crossing of the jet at the centerline, 
we are in a position to predict the edge-tone frequen
cies which such a jet will produce. Our time zero is 
that of peak positive pressure in the northern half. 
Our rule in Sec. IV says this is also the instant at 
which the jet makes its northbound crossing of the edge. 
This is 180° out of phase with the southerly deflection 
that the north half pressure is just beginning to induce 
in the jet as it exists from the slit. To get the total 
loop delay of 360° required for Stage I oscillation, we 
need another 180° of delay due to jet wave propagation 
time. Thus the condition for oscillation is given by the 
intersections of the curves of Fig. 4 with a line drawn 
at the 180° phase-shift ordinate. The point marked A 
is such an intersection. These intersections are used 
to predict the edge-tone frequency as a function of blow
ing velocity for a slit-to-edge distance of 7. 0 mm. 

The predictions are listed in Table I, together with 
experimental values of actual observed edge tone fre
quencies. The fit to within a few percent is probably all 
that could be expected, in view of the possible distur
bance of the jet flow by the wedge, and the fact that the 
edge tone waveform is not sinusoidal, as was the excit
ing acoustic excitation used for measuring jet phase de
lays. 

TABLE I. Edge-tone frequencies, 7-mm gap. 

Jet Velocity 
cm/ sec 

Frequency (in Hz) 

Predicted Measured 

400 
500 
700 

1000 
1300 
1500 

162 
215 
310 
468 
637 
735 

175 
220 
315 
470 
620 
720 

FIG. 8. Contours of acoustic pressure (relative peak values) 
for the organ pipe sounding in its first mode at 250 Hz. 

An examination of Shields' streamline diagrams10 also 
shows direct correspondence with the picture presented 
here. One finds that the direction of particle trajec
tories as they leave the slit gives an initial deflection 
of the jet centerline just 180° out of phase with the jet 
centerline position at the wedge. Thus we may say with 
some confidence that a 180° phase shift between jet cen
terline position at the edge and the acoustic velocity at 
the slit face, combined with a 180° phase delay between 
this quantity and jet centerline position at the wedge, 
make up the necessary 360° of phase shift for the Stage I 
edge tone. Note that these amounts depend on the 
choice of the quantities used; had we expressed the pic
ture in terms of acoustic particle displacement, we 
would find a phase delay of 90° on the jet, and 270° be
tween jet displacement at the wedge and acoustic dis
placement at the slit face. 

VI. EXCITATION OF ORGAN PIPES 

The same slit system and wedge, with its upper and 
lower plates, could be converted into an organ-pipe 
mouth by the insertion of the square pipe shown at one 
side in Fig. 6. The acoustic flow when blown at reso
nance is now quite different, not only because the geom
etry has been changed to an asymmetric one, but also 
because at resonance the acoustic flow at the mouth is 
dominated by the organ pipe oscillation, and contribu
tions due directly to jet flow are relatively small. 

A set of acoustic pressure contours, derived from 
sampling the array of probe holes in the neighborhood 
of the mouth, is displayed in Fig. 8. We wish now to 
inquire into relationships between the jet crossings and 
the acoustic flow, and deduce from these something 
about the nature of the driving mechanism of the jet. 

The passive resonance frequency of the first mode of 
the pipe was determined, and the blowing pressure set 
to make the pipe oscillate at this frequency. Under 
these conditions, the pressure wave form at the pipe 
center (maximum) was found to be nearly triangular, 
while at the ends the pressure wave form was nearly 
square. In between, the wave forms were trapezoidal. 
From these waveforms, the shape of the standing wave 
in the pipe could be derived. It takes very closely the 
form of the wave on a string plucked in the middle. At 
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the instant of pressure maximum the pressure distribu
tion is triangular—maximum at the center and near zero 
at the ends. A little later a flat spot develops at the 
center, with no change outside this spot. The flat spot 
extends while its level sinks, reaching the ends just as 
it goes to zero, leaving the pressure at this moment 
zero throughout the pipe. The process then continues 
in a reverse fashion as the pressure goes negative, un
til a fully developed negative triangle appears. The 
particle velocity, or current, has a similar history, 
but displaced one quarter wave in space and time, so 
its distribution when the pressure is everywhere zero 
is a straight line (positive at the end, zero in the mid
dle, negative at the other). Then flats develop on the 
ends, decreasing in magnitude and extending in length 
until they meet at zero value, in the center. The time 
wave form of the current is therefore triangular at the 
ends, approaching square at the middle, while the time 
waveform of the pressure is square near the end and 
triangular at the middle. This interesting behavior ap
pears quite clearly when the pipe is blown near its pas
sive resonance frequency. 

The canal that was pierced in the wedge could be used 
to determine the time of crossing of the jet. We find 
experimentally, with a high-Q pipe sounding close to 
resonance, that the jet crosses the wedge going into the 
pipe (southbound in our previous notation) at about the 
time the acoustic current is maximum going in. The 
jet remains inside the tube all during the half cycle in 
which the current diminishes to zero and reverses its 
direction to become maximum flowing out. During this 
same half cycle, the pressure in the center of the pipe 
has risen from zero to maximum positive, and declined 
again to zero. 

The phase we find here is shifted approximately 90° 
from the situation we found in the edge tone. This rep
resents an additional delay between appearance of the 
jet in the northern half and the beginning of a south
bound, or inward acoustic current at the mouth. To 
get 360° total delay calls for less propagation delay on 
the jet itself and therefore a higher blowing velocity to 
achieve the same frequency as for the edge tone (see 
Fig. 1). The observation also contradicts the momen
tum transfer drive mechanism I proposed earlier,4 

since during the first quarter cycle the acoustic current 
is moving with the jet and the second quarter cycle 
against it. If we assume instantaneous momentum 
transfer, the two quarter cycles should cancel out in 
drive. If we assume a stopping time spread over a 
quarter cycle, the counter flow period dominates, i. e., 
most of the time the jet is blowing against the acoustic 
flow, which would tend to lessen the amplitude. 

We look, therefore, to the more widely accepted cur
rent drive postulated by Cremer and Ising,5 and which 
we found in Sec. IV to account entirely for the edge-tone 
drive. 

Referring to the edge-tone acoustic flow pattern (Fig. 
7), we can infer from the acoustic contours the existence 
of an effective alternating current source located a few 
millimeters behind the tip of the wedge. The acoustic 
pressures generated are quite small, and Bernoulli ef-

- f f - r 
fr-Af 

Q = fr/2&f Radius -1.(Q/nn)sin ntrx 
L 

FIG. 9. Equivalent circuit for organ pipe and jet current drive, 
with vector diagram showing current relationships in the neigh
borhood of a pipe resonance. 

fects of the jet flow over the sampling holes prevent 
meaningful measurements close to the wedge. Never
theless, we can make an estimate, from Fig. 7, of the 
location of the apparent source, and we chose to place 
it 4 mm behind the wedge tip. It seems plausible to 
choose the same location for a current source in the 
organ pipe geometry. In Fig. 8, the acoustic contours, 
which largely display the effects of the pipe oscillation 
rather than the jet effects, can be used to estimate the 
effective "end correction" against which the jet current 
acts. The equivalent circuit, in terms of a transmis
sion line into which the jet current is coupled, is shown 
in Fig. 9. 

The points a and b are the location of the effective 
current source on the outside and inside of the wedge, 
and the length of transmission line x between them 
represents the impedance of the mouth constriction be
tween the respective contours. The remaining distance 
to the left end of the line represents the pressure field 
outside the point a in Fig. 8. The length L is the en
tire effective length of the pipe, with end corrections. 
All of the dissipative mechanisms have been lumped into 
a small resistance R, which may have a different value 
for different frequencies. The value of the characteris
tic impedance is taken as unity. The jet current, which 
in fact is a direct current injected alternately at a and 
b, can be exactly represented as far as its alternating 
component is concerned by an alternating current gen
erator connected between a and b. The current iu at 
the left end is the source of acoustic radiation from the 
mouth, iz at the other end is the acoustic source at the 
open end of the pipe. Under resonance conditions, 
these two currents have identical values, in accord with 
the observations of sound radiation from an organ pipe.11 
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The argument in that paper concerning the absence of 
jet-current drive, however, was wrong. As Elder6 has 
pointed out, the jet current outside the pipe, added al-
gebracially to the mouth current, is just such as to 
compensate for the dissipation losses which reduce the 
current at the opposite end. 

Manipulation of the equations for waves on a trans
mission line gives the following expression for im, the 
mouth current, in relation to the jet current ijf as a 
function of the frequency : 

i m / i j  =  co s t3x -  sin/3x(tan/3L-7'/?)/(.R2+ tan2/3L) , (1) 

where 

/3 = 2tt/x = to / c  .  

In the derivation it is assumed that the equivalent dis
tance between a and the left-hand end is small com
pared to a quarter wavelength, and can be lumped in 
with the right-hand portion of the transmission line. 

The phase angle between the jet current and the mouth 
current in the above expression is 

9  = tan -l 
-  R 

cotPxiR2 - tan2/3L) - tan/3L (2) 

The value of R may be related to the Q of the nth mode 
by R = nu/2Q. The behavior of the relationship between 
these two currents in the neighborhood of the nth reso
nant mode, f3 = nir/L may be more easily comprehended 
by the vector diagram in Fig. 9. For values of Q not 
too low, the pipe current is represented by the vector 
i p ,  whose  terminus  l i es  on  a  resonance  c irc le  or  " Q 
circle." The resonance frequency fr lies on the real 
axis, the half-power points A/away are on the vertical 
diameter. Points for other frequencies are such that 
the vector ip intersects a vertical linear frequency scale, 
i .  e . ,  i t s  angle  wi th  the  rea l  ax is  i s  tan _ 1 ( -  d f /^ f ) ,  
where d f  is the departure from the resonance frequency. 
The jet current ij lies on the vertical axis, and the 
radius of the circle is given by ijiQ/ntr) sinrnrx/L. The 
sum of these two vectors is the mouth current im. As 
the frequency increases, the vector tips sweep around 
the circle clockwise. One notes that the maximum 
amplitude of mouth current will occur prior to reso
nance, and that a phase shift of 0 = 90°, if it occurs at 
all, happens only at frequencies above resonance. Be
yond resonance the phase-shift 6 will reach a maximum 
value and then fall off again. 

With a knowledge of this phase shift between the jet 
current and the mouth current, we should be able to 
predict the frequencies for a blown pipe using the jet 
propagation shifts measured on the free jet. To make 
the examination more critical, a small amount of poly
ester wool was distributed along the inside of the pipe 
to lower the Q. The passive resonance frequencies and 
the Q for each of the modes were measured. The val
ues of Q with the absorber in place were 10. 7, 17. 3, 
and 16. 7 for modes n= 1, 2, and 3, respectively. The 
value of x= 2. 8 cm was estimated from the values of the 
pressure contours at the points a and b in Fig. 8. The 
remainder of the end correction, 2. 6 cm, lies outside 
the point a. In an actual organ pipe, the absence of the 

confining plates will diminish the magnitude of this ad
ditional end correction. 

With these measured parameters, the phase shifts 
between mouth and jet currents were calculated for 
each mode by Eq. (2). The effective pipe Length L for 
each mode was adjusted slightly to yield the measured 
resonance frequency for each mode. 

Since we want the sum of the jet delay and phase delay 
to equal 180° (the other 180° is in our definition of 
mouth current direction at the slit face), these phase 
shifts are plotted upward from the 180° line in Fig. 4. 
The intersection of any blowing-velocity curve with these 
curves should predict the blown frequency. Examining 
these intersections we see for example that the 700 cm/ 
sec blowing curve, which gave an edge-tone frequency (in
tersection with 180° line) of 307 Hz should sound the 
pipe very close to its mode-1 resonance at 250 Hz. But 
the 500 cm/sec blowing should give a frequency very 
little different than the edge tone. Just beyond 700 cm/ 
sec, no intersection with the mode-1 phase curve is 
possible, and the only frequency we can expect is a 
jump to a350-Hz edge tone. Further increase in blow
ing will raise this frequency smoothly until the mode-2 
phase shifts enter around 500 Hz. Double values are 
permitted and observed in some regions. At 1300 cm/ 
sec velocity, both 495 and 637 Hz are possible, but at 
1500 cm/sec, mode 2 cannot sound. 

These expectations are borne out by the measured be
havior of the pipe. A comparison of the measured and 
calculated blown frequencies is made in Fig. 10. The 
agreement is very close, except for the beginning of 
mode 3, where slightly more blowing velocity is re
quired to reach a given frequency than the model pre
dicts. The discrepancy is in the same direction as the 
slight discrepancy for high frequencies in the edge-tone 
observations. The double-valued effects are clearly 
shown, and each of the first two modes terminates at 
its upper end quite closely as predicted. In view of the 
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FIG. 10. Observed and predicted frequencies of oscillation 
for a low-Q organ pipe. 
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sensitivity of the phase calculations to the choice of x ,  
and the rather rapid variation of x with the assumed ge
ometrical position of the current sources, the corre
spondence is highly satisfactory. 

As far as the blowing frequencies and observed 
phases of the acoustic wave and jet crossings are con
cerned, the simple concept of an alternating jet current 
source located a few millimeters behind the wedge tip 
seems to provide an adequate and consistent drive 
mechanism for both the edge tone and the organ pipe. 
For the geometry and blowing conditions used here cal
culations of possible maximum momentum drive effects 
show them to be minor in nature. Depending on just how 
and over what time the jet particles slow down, momen
tum effects may be completely negligible. 

But there are some puzzles left. It would be gratify
ing to find that the triangular wave form described ear
lier resulted from an integral of the nearly square jet 
current wave. Unfortunately, the model calls for a de
rivative, not an integral. And while the amplitude of the 
acoustic flow in the edge tone experiment rose directly 
with jet flow as expected, the magnitude of the oscil
lating current in the pipe does not rise with jet flow in 
the manner one calculates from the model. Here one 
might fall back, as did Cremer and Ising, on entrain-
ment, about which these observations have little to say. 
In spite of these questions, the observations relating 
the phases of the various parts of the feedback loop, 

and the very close predictions of edge-tone and pipe 
frequencies provide very strong evidence of the correct
ness of the jet drive mechanisms described here. 
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A New d for the Boehm Flute THE INSTKUMENTALIST/MAY 1977 

John W. Coltman 

Flute players are well aware that 
the C# on the flute suffers from 
intonation and tone color diffi
culties. A simple modification in 
the flute that overcomes these 
problems without requiring any 
fingering changes is now avail
able. 

The faults in the C# in the Boehm 
flute stem from the use of a single 
hole that not only forms the ter
minal hole for C" but also must 
provide a vent for six other notes. 
In order to accomplish this vent
ing, the hole is moved up from its 
normal position, and to keep the 

nearly in tune, it is made very 
much smaller than the normal 
holes of the flute. The compromises 
thus made bring their penalties. 
First, the two C#'s cannot both be 
made in tune. Primarily because 
of the relatively long space from 
this hole to the next, the flute will 
not overblow an exact octave. If 
the position is such that the upper 
C# is in tune, the note an octave 
below will be sharp. In most flutes, 
and as played by most players, 
both these notes are sharp. The 
lack of an exact octave relation
ship means that the harmonic con
tent of the lower C# will be al
tered, and its tone color will be 
different than those of neighbor
ing notes. It generally lacks the 

John W. Coltman is Director of Re
search and Development Planning for 
the Westinghouse Research and De
velopment Center, and he has recently 
been elected to the National Academy 
of Engineering. His interest in the 
flute includes amateur performance, 
collecting, and research, which has 
resulted in several publications on the 
acoustical properties of the flute. 

richness that is possible with 
these other notes, and its maxi
mum loudness is somewhat more 
limited. 

As a vent, the C" hole affects 
the intonation of most of the notes 
for which it is used. While the ef
fects are not large for most notes, 
the sharpening in the case of G^6 
is almost half a semitone, an 
amount nearly twice that needed 
to bring the note in tune. Alto
gether, it is fair to say that the 

hole has the least satisfactory 
behavior of any on the flute. 

The new C" mechanism de
scribed here makes it possible to 
ameliorate the above difficulties 
with no change in fingering re
quired of the flutist. A new hole 
is added between the C& vent hole 
and the C (thumb) hole. In con
trast to some other approaches to 
the problem, this hole is not used 
alone, but rather in combination 
with the vent to produce C#5 and 
C"6, while the vent is used alone 
for the notes D5, Et>5, D6, G#6, 
A6 and Bt>6. This separation of 
functions makes it possible to ad
just the size and position of the 
vent to get the vented notes (es
pecially G^6) in tune, and then to 
depend on the added hole to pro
duce C"'s that are in tune and 
have tone colors consistent with 
the other notes of the flute. 

The photograph of Figure 1 
shows the new mechanism. The 
vent key is operated as usual by a 
touch for the first finger. This 
touch overlays the key of the new 
hole, so that it holds this key down 
also. When the first finger is up, 
the new key is closed by a bridge 
and clutch from the key on the B 

Fig. 1 

The new C** key mechanism. The key 
for the new hole is closed either by 
the first finger touch, or by a bridge 
from the B key. 

hole. This key is down for all the 
notes which employ a C" vent, so 
that the vent hole operates alone 
on these notes. 

The vent hole and the new 
hole are not very large, and their 
keywork and springs are made 
light so that the feel of the ordi
nary C* touch is retained. The 
bridge from the B key is short and 
is rigidly supported on the C# key 
axle, so that this mechanism is 
positive and reliable. Because the 
new key is held down by the first 
finger for all notes except those 
employing the C# vent, the pres
ence of the bridge introduces no 
change in the feel of the flute 
mechanism. 

The placement and size of the 
new holes was undertaken only 
after a thorough study of the ef
fects of varying the position and 
size of the C# hole. For this pur-
poseJackMooreof Elkhart, Indiana, 
supplied a test flute in which the 
Cs  hole position could be quickly 
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and repeatedly changed, and the 
hole size adjusted. Measurements 
were made of the change in pitch 
produced by the vent for all notes 
in which it is used. Hole sizes 
from 3 to 10 millimeters were 
tested, with hole positions up to 
plus or minus 8 millimeters away 
from normal. Aside from the C#'s 
themselves, the most sensitive note 
was found to be G#6, whose pitch 
could be made to vary nearly a 
semitone over the range of param
eters used. 

The study results permitted the 
selection of an optimum vent to 
be used in conjunction with the 
extra hole to produce C". The im
provement in intonation obtained 
using the new combination is 
shown in Figure 2. The points 
plotted there show the deviation 
in cents (hundredths of a semi
tone) from the expected frequen
cies of the A= 440 equal tempered 

40 
30 

I 20 
o 

10 
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With new C* 

Fig. 2 

Intonation of notes using the vent 
before and after the introduction of 
the new C" mechanism. 

scale. Those joined by the solid 
lines are the pitches obtained with 
the author as player prior to mod
ifying the flute, those joined by the 
dotted lines are the same pitches 
after the new holes and mechanism 
were introduced. The flute used 
had the same dimensions as the 
flute tested by a large number of 
flutists in an experiment conducted 
by the National Flute Association* 
so that comparison is possible with 
the results expected from a repre
sentative player. That test showed 
that I play C#5 about 10 cents 
higher than the average profes
sional flutist, so that the modified 
mechanism here should produce a 

very well suited to most players. 

I should mention here that in 
the course of investigation, an
other less satisfactory solution to 
the C*5 problem was uncovered. By 
enlarging the vent to 10.5 mm and 
moving it down the tube about 8 
millimeters, good results are ob
tained for all notes except E^5 and 
G&6. Very good intonation can be 
achieved on these notes by play
ing the Et>5 without a vent (a 
slightly less "bright" tone color, 
but still very comparable to the 
neighboring E) and the G"6 with 
the key closed. These finger
ings are simpler than the standard 
fingerings, but I guess that few 
flutists would be interested in 
making such a change. 

The improvement in tone color 
with the new C# hole cannot be 
easily demonstrated by physical 
measurements, as this is a very 
subjective quality. What can be 
said is that a number of flutists 
have tried the new arrangement, 
and all have agreed that the tonal 
qualities of the C sharps are very 
good and that the power and rich
ness obtainable are quite com
parable to those of the neighbor
ing notes. Measurements of the 
intonation they produce bear out 
the results obtained by the author. 

Altogether the new arrangement 
seems to have removed one of the 
more troublesome features of the 
modern Boehm flute. Anyone in
terested in flutes with this new 
mechanism may request further 
information from Jack Moore (1218 
Brentwood, Elkhart, Ind. 46514)", 
who cooperated in the develop
ments here and who is prepared 
to supply flutes with the new 
or to modify existing flutes. • 

°J .W. Coltman,  "Flute  Scales ,  Pi lch,  and In
tonat ion,"  The Instrumental is t ,  May 1976.  
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Tuning Wind Instruments 
This booklet is intended only to explain ... in 
non-technical language...what is meant by 
"tuning standard," why a standard is necessary, 
and how temperature variations can affect 
the standard. 

A selected list of additional information 
sources is also included for the convenience 
of conductors and performers who wish to 
study the temperature/tuning relationship in 
greater depth. 
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Frequency, Pitch, and Scales 
Musical sounds ordinarily are associated with 
well-defined frequencies. Our ears will re
spond to vibrations which have rates between 
30 and 15,000 times per second, and we 
associate a musical pitch with any sound which 
has a regular repetition in this range. Most 
sounds are complex, and contain many fre
quencies. In simple cases of steady tones, the 
perceived pitch can be accurately specified 
by the frequency. But pitch is a subjective 
quantity, and what we hear may also depend 
on the loudness, on the presence of other 
sounds, and on the sounds that the ear has 
heard in the immediate past. Much of the 
artistry of music depends on subtle departures 
from the frequencies that make up a specified 
scale. 

If musicians are to play harmoniously together, 
it is necessary that they agree on the basic 
frequencies to be produced. In western music 
this agreement takes the form of the equal-
tempered scale. Each note of this scale has 
a frequency 1.05946.. times the frequency 
of the one immediately below it. If this process 
is repeated twelve times (there are twelve 
semitone intervals in an octave) one arrives 
at a ratio of 2, which is universally recognized 
as the theoretical frequency ratio of an octave. 

The equal tempered scale—in contrast to 
others such as the Pythagorean, meantone 
and just scales—has the unique property that 
a melody played in any key will have the same 
frequency ratios for all its intervals. This scale 
is therefore the only one practical for an 
instrument designed to be played in all keys. 

Departures from 
Equal Temperament in Performance 

Measurements of the frequencies produced 
by artists during performance show that 
adherence to the equal tempered scale is not 
very rigorous. In solo performances, none of 
the accepted scales are used; rather, there is 
a tendency to slightly stretch all intervals, so 
that higher notes become progressively 
sharper and sharper. Pianos are ordinarily 
tuned with a stretch in the upper and lower 
octaves, though the midrange is usually very 
close to equal temperament. 
If asked to produce two successive notes 
exactly one octave apart, musicians will ordi
narily set the interval too sharp. But if the 
notes are sounded simultaneously, very pre
cise, two-to-one ratios are obtained. Thus the 
demands of harmonization give a different 

response than when melodic intervals alone 
are dealt with. 

Recognizing that artistic performance will call 
for carefully chosen variations from any 
rigidly designated scale, it is still necessary 
to have an agreed-on standard to work with. 
Instruments should be designed so that they 
produce as closely as possible an equal tem
pered scale when sounded at their best re
sponse, requiring minimum variation in the 
blowing technique from note to note. Long 
experience in ensemble playing is a basic 
requirement for musicians to develop accurate 
intonation. Only with musicians who have 
accurate control of the pitch, and have de
veloped an acute ear for the harmonization 
of their instruments with others, can the best 
in performance be obtained. 
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The History of Tuning Variations 
Music historians say that although "A" has 
long been the note used in tuning music instru
ments, for centuries composers and musicians 
had no common agreement on what "A" 
should sound like. 

Tuning was by personal choice, and varied 
among composers and musicians. It also de
pended on whether the music was popular," 
or was for religious purposes. 

Pre 19th Century 
The first attempt to define pitch in a repro
ducible manner appears to have occurred 
early in the 16th century, when a German 
organ builder set forth rules for the lengths 
of specified organ pipes. Interestingly, two 
pitches were specified, a musical fourth apart, 
to suit different voice ranges. Thus, there 
were two values for A, about 377 Hz for the 
lower, and 503 Hz for the higher. Many old 
organs surviving from these times have pitches 
in the neighborhood of one or the other of 
these values. There were, however, many 
examples of local variations. In the 1 7th cen
tury there seems to have been a preference 
for the higher pitch, but it is possible to trace 
a general lowering of the pitch with time, so 
that by the beginning of the 18th century 
pitches in the neighborhood of 420 Hz were 
common. The invention of the tuning fork 
about this time provided a convenient, port
able standard which could be used to inter-
compare pitches. This was also the time when 
translation of pitch from musical notation into 
numbers of vibrations per second was accom
plished, permitting absolute measurements 
to be made. Forks from this period are often 
near A 420 Hz, and this value, which was 
prevalent at the time of Bach, Mozart, Handel 
and Beethoven, is sometimes called "classical 
pitch." 

19th Century 
During the 19th century, orchestras became 
more and more important, and wind instru
ments were undergoing a period of substantial 
technical development. A pronounced upward 
tendency in pitch took place, particularly 
among military bands. Concern for interchange-
ability of instruments, together with the ability 
to accurately measure and intercompare 
pitches led to several attempts to establish 

standards. In 1834 a Congress of Physicists 
held at Stuttgart adopted a proposal to fix "A" 
at 440 Hz. Their recommendation was ignored. 
The French government, acting with the ad
vice of Meyerbeer, Thomas, Auber, and 
Rossini among others, in 1859 established by 
law the "Diapason Normal" at A 435 Hz. This 
standardization was one of the reasons that 
France became a leading manufacturer of 
woodwinds. Several other European countries 
followed this lead, though England was slow 
to join in. In 1896 England adopted a double 
standard. This was 435 Hz at 59°F (which 
corresponded to the 15°C specified by the 
French for the temperature of the fork) and 
439 Hz at 68°F, which would be the pitch a 
435 Hz organ pipe would have at this new 
temperature. This is the first official recogni
tion of the desirability of a standard which 
varies with temperature. Our present day 
standard of A 440 Hz at 72°F is concordant 
with these other two values. The English mili
tary bands, however, persisted in the use of a 
higher pitch, and in 1909 the King's Regula
tions defined the tuning standard for English 
military bands to be A 452 Hz at 60°F. 

20th Century 
During the early 20th century, manufacturers 
produced both "low pitched" (A = 435 Hz) and 
"high pitched" (A = 452 Hz) instruments. 
Occasionally both types of instruments were 
accidentally used in the same band, resulting 
in a very peculiar musical sound. 

The growth of radio broadcasting and the 
recording industry (both of which required 
stabilized frequencies) finally forced agree
ment on a universal tuning standard for all 
types of music, all musical instruments, all 
kinds of musical groups. 

The American Federation of Musicians 
adopted a standard of A=440 Hz, in 1918. In 
1925, the Musical Industries Chamber of 
Commerce also agreed on A=440 Hz. The 
American Standards Association decided on 
the same standard in 1936. And finally, the 
International Tuning Standard of A = 440 Hz 
at 72°F was adopted worldwide in 1939. The 
same tuning standard is in effect today. 
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Why A Standard Is Necessary 
Most music performed today uses combina
tions of instruments. Obviously, these must 
be tuned to harmonize. While string instru
ments can be tuned to different standards and 
still produce the same musical intervals, most 
other instruments have been designed for a 
specific pitch. It is impractical to change fre
quently the pitch of keyboard instruments, 
especially the pipe organ, and some instru
ments such as the glockenspiel, vibraphone 
and chimes can only be altered by sending 
them back to the factory. 

A change in the pitch standard brings with it 
many difficulties. Singers today must cope 
with arias written by Mozart and Beethoven 
which must now be sung at a pitch approxi
mately a semitone higher than was intended 
by the composers. The increase in tension re
quired to tune a string a semitone higher is 
about twelve percent. As a consequence, many 
treasured violins from old Italian masters have 
had to be strengthened by changing to stiffer 
bass bars. This in turn affects the tone quality. 
Wind instruments have tuning adjustments, 
but in general these cannot be changed greatly 
without distorting their scales. Many fine wind 
instruments by famous makers are now 
museum pieces because they were designed 
for a pitch that is no longer in use. 

Just why orchestra conductors in the past 
have tended to call for raising the pitch from 
an existing standard is not clear. Perhaps the 
inability of the winds to follow accurately the 
strings in such a rise gives an impression of 
brightness to the strings. At any rate, if the 
winds attempt to play higher, or if new instru
ments are purchased to conform to a higher 
standard, the effect disappears, since the ear 
has very little ability to determine absolute 
pitch to the degree we are concerned 
with here. 

It is to the advantage of musicians and listen
ers alike to adhere to a worldwide standard 
of pitch that will avoid the difficulties that have 
been so prevalent in the past. The established 
tuning standard is A 440 Hz at 72°F. Fine 
musical performance and the useful life of 

fine musical instruments depends on staying 
with the standard. Accurate tuning forks, bars, 
and electronic pitch measuring instruments 
such as the Strobotuner" are readily available 
to assure adherence to the standard. 

Standard Units and Notation 
For technical purposes, deviations from any 
designated frequency are measured in hun
dredths of a semitone—a unit called a "cent." 
A one semitone change is 100 cents; an octave 
is 1200 cents since there are twelve semitones 
in an octave. The cent is a very small unit— 
the change from A 440 to A 441 is close to 
four cents. Four cents is about the least 
change the ear can detect in two successively 
played notes. Deviations in individual notes 
of wind instruments are commonly much 
greater than this. 

While the use of C, D, E, etc., to designate the 
notes of the scale has been standardized by 
usage for centuries, there are several differ
ing systems for denoting the octave to which 
a note belongs. The student will therefore 
encounter confusing notations in the literature. 
The most straightforward system, which is 
easiest to remember, has been accepted by 
the United States Standards Association. In 
this system a note is followed by a subscript 
numeral designating the octave to which it 
belongs. The lowest octave starts with Co at a 
frequency of 16.352 Hz, which is at the lower 
frequency limit of hearing. The standard 
tuning A of 440 Hz is in the fourth octave, 
which starts with middle C. The conjunction 
of 4 s in A4 = 440 Hz makes this easy to remem
ber. The normal range of the piano is from 
A0 to Cs; that of the flute from C4 to C7. 

A discussion of the cent as a unit of measure
ment, and extensive tables relating to cents, 
frequencies in Hz, and other frequency level 
units used in music can be found in "Making 
Sense Out of Cents," a companion brochure 
available from C. G. Conn, Ltd. 



Control of Frequency in a Wind Instrument 
A wind instrument produces its sound by 
causing the column of air contained in a tube 
to vibrate. This air column is capable of vi
brating in complex ways, but each way of 
vibrating (or mode) has a specific frequency. 
The vibration is sustained by pulses of air 
admitted into the instrument by the lips 
(brasses), by a single or double reed, or by 
an undulating air jet (flute). The frequency of 
these pulses is determined by the vibrating 
column reacting back on the pulse mechanism, 
so that when a sustained note is being played, 
the frequency of the air pulses is identical to 
that of the oscillating column. 

As an example, for the clarinet it is helpful 
to think of a momentarily open reed aperture 
releasing a pulse of air into the column. The 
pressure wave created travels down the 
column to the open end. There it suddenly 
expands into the surrounding air, leaving a 
vacuum behind it which travels back up the 
column, is reflected against the closed reed 
and makes another trip back to the open end. 
Here inrushing air creates a pressure pulse 
that travels back to the reed to push it open 
and admit another pulse of air from the mouth. 

All this goes on in one cycle, that is, the 
process may be repeated several hundred or 
thousand times per second, depending on 
the note being played. 

Factors Involved in Frequency Determination 
It is evident that the frequency with which 
this process repeats depends on many factors. 
First is the length of the tube, which is the 
primary means of controlling pitch. To vary 
the frequency, the trombone employs a slide 
.. .the brasses have additional lengths of 
tubing cut in by valves... and the woodwinds 
have finger holes, which the player ordinarily 
leaves open beyond a certain point so that 
only the upper end of the tube is in use. The 
travel time also depends on the speed with 
which the pulses travel in the tube. This speed 
is primarily determined by the composition 
and temperature of the air in the column; but 
the walls of the tube also have an effect. The 

reflection at the open end also affects the 
time for one cycle. French horn players adjust 
pitch with a hand in the bell; and the open 
finger holes beyond the closed tube have a 
substantial effect on woodwinds. 

Finally, and very important, the delay (or 
phase shift) between the arrival of the return
ing pulse at the reed, and the opening of that 
reed to admit a new pulse, depends on the 
reed stiffness and mass...the force applied 
by the lips.. .and the blowing pressure used. 
Similar effects take place in brass instruments, 
and in the flute. As you can see, many factors 
enter into determination of the frequency of 
any note. Some of these are fixed properties 
of the instrument, some depend on the environ
ment, and others are under control of 
the player. 

Air Column Geometry 
The geometry of the air column, with its 
appendages or finger holes, is largely fixed 
by the manufacturer. The design of wind 
instruments has evolved over several cen
turies, with notable improvement in intonation. 
The variation in sounding techniques among 
players makes it very difficult to design 
instruments with highly accurate intonation, 
and intonation in instruments from different 
makers can vary widely. There is no such 
thing as a perfectly tuned wind instrument-
there are only instruments well suited to their 
performers. Many instruments in use today 
exhibit a rising or stretched intonation char
acteristic—that is, they become sharper as 
the scale is ascended. This probably results 
from using the ear as the primary measuring 
tool, and in fact such a characteristic in 
moderation may be desirable for solo work. 
These instruments must be lipped down in 
ensemble playing. 

Excessive sharpness in the upper registers 
is a very common occurrence among student 
musicians; to some extent this difficulty may 
be with the instrument itself. 

Tuning Adjustments 
While the major portion of the air column is 
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fixed by the manufacturer, certain aspects 
are adjustable. A tuning slide on the flute, 
adjustable or exchangeable barrels on the 
clarinet, withdrawal of the reed or mouthpiece 
on reed instruments and several tuning slides 
on brasses all serve to adjust the effective 
length of the air column, and hence the fre
quency. But in contrast to tightening a string, 
the change in frequency produced by such 
adjustments is not proportional to the played 
frequency, as would be required to maintain 
a uniform scale. 

In the clarinet, for example, the effective air 
column for the bell tone is about twenty-three 
inches long. Shortening the barrel to tune this 
note to match a scale of A 442 rather than 
A 440 requires a shortening of two parts in 
440, or about one-tenth of an inch. But this 
same shortening is one part in 80 for a 
"throat" tone such as A, where the air column 
used is only about eight inches long. The 
effect here is to raise this A not to 442, but to 
A 446, a change almost three times as great. 

Similarly, the tuning slides on brasses upset 
the proportions of the tubing added when 
values are depressed; fortunately, these 
lengths are also adjustable. 

Non-proportional effects also occur when 
register keys or vent holes are in use. In these 
cases, the air column is vibrating in segments, 
with the vent holes located at places of zero 
pressure to encourage segmentation. When 
the air column above the register key is 
lengthened, the vent is no longer at a zero 
pressure point, and the vent hole now changes 
the intonation. In the saxophone, which is pro
vided with two register keys, the effects are 
particularly prominent. 

Table I shows the change in resonance fre
quencies for several notes on an Alto saxo
phone, when the mouthpiece is withdrawn 
three millimeters. Note that the high A changes 
by 26 cents, while its neighboring G, which 
uses a different register key, changes only 
16 cents. The high A is five times as sensitive 
to mouthpiece position as the F in the middle 
of the first register! 

Changing of reeds can cause intonation 
variations which must be compensated for by 
mouthpiece or barrel adjustments, but these 
compensations rarely affect all notes the way 
the reed does. In the flute, the stopper 
position affects intonation in the upper regis
ter, but has little effect in the first two. It works 
in combination with mouthhole coverage, so 
the effects also depend on the player to 
an extent. 

Effects on Tone Quality 
The physical basis of tone quality is relatively 
unknown. But it is clear that an important con
dition for rich tone quality in wind instruments 
is that the several natural modes of the vibrat
ing air column involved in producing any par
ticular note should be very nearly harmonically 
related. That is, their frequencies should be 
in the ratios of simple whole numbers. This 
means that a pressure pulse reflected back 
and forth between the open end and the mouth 
end should not be greatly distorted or spread 
out on successive reflections: a requirement 
that is plausible considering the mechanism 
of sustaining the oscillations. 

On a simple cylindrical instrument like the 
flute, withdrawing the tuning slide does not 
upset this condition very much. But with
drawing the mouthpiece of a saxophone adds 
an extra volume at the end whose effects vary 
with frequency, and the relationship of the 
mode frequencies is changed. Thus tuning 
adjustments can also bring tone quality 
changes. Additionally, the effective change 
in position of the vents in high registers can 
make tone production difficult. On some 
flutes, substantial withdrawal of the tuning 
slide can make some third register notes 
very difficult to sound. 

All of these complex effects reinforce the 
desirability of maintaining a fixed tuning 
standard, so that the player may learn, through 
experience, to make the adjustments and use 
the lip techniques that produce correct 
intonation from his particular instrument. 



How Temperature Affects Intonation 
The travel time of a pulse down the column 
depends on the speed of sound in the air in 
the column. This speed and the frequency of 
the oscillation depend on the temperature and 
composition of this air, which is greatly 
affected by the musician's breath. 

The exhaled breath is close to body tempera
ture (98.6°F), is saturated with water vapor, 
and contains about 2.5% carbon dioxide. As 
the breath travels through the instrument it 
cools, depositing water on the walls, so that 
its composition and temperature both vary 
along the column. The amount of this variation 
depends on the environmental temperature— 
at 98.6°F room temperature, there would 
be constant conditions inside the instrument; 
but at 32°F only the portion quite close to the 
mouth end would be warm. The variation 
depends on the length of the air column—a 
piccolo is much more nearly at uniform 
temperature throughout than a trombone— 
and also on the heat conductivity of the wall 
material, so that wooden instruments are less 
affected by ambient temperature changes. 

Obviously this nonuniform temperature dis
tribution along the column must enter into 
the design of an instrument to give a proper 
scale; and when the environmental tempera
ture changes, the scale will be upset. Different 
instruments are affected differently by environ
mental temperature. Most of the tubing in a 
Sousaphone stays close to room temperature, 
so its pitch changes nearly as much as the 
speed of sound does, which is 16 cents for 
a 10°F change. The clarinet, which is short 
and made of wood, changes only about four 
cents for every 10° change. Table II at the 
end of this brochure shows the measured 
variation for various wind instruments, as well 
as the warm up effects. 

With some exceptions, the winds move rea
sonably well together with temperature 
changes. But pianos, xylophones, marimbas 
and vibraphones move in the opposite direc
tion, going flat as the temperature increases. 

Warming Instruments 
Because breath heat affects tuning, all wind 
instruments should be played long enough to 
get thoroughly warmed before tuning. 

Professional flutists often cover the embou
chure holes with their lips and blow air 
through the flute (rather than over the 
embouchure) to make sure the flute is warm. 

Brass basses are especially sensitive to 
environmental (outside the horn) temperature, 
because the player's breath has less effect on 
the inside temperature. It can take up to 
twenty minutes of playing to warm brass 
basses when environmental temperature is 
less than 80°F. 

Periodic checks during performance 
Since environmental temperature is so 
important with brass basses, they should be 
checked fairly often during a playing session. 
For example, temperature usually rises on the 
stage during a concert. This can cause the 
basses to become sharp. As everyone else in 
the orchestra tries to adjust toward the sharp 
side, they run into major intonation problems. 
The heat from TV studio lights can create 
even bigger "sharps" problems. 

An instrument won't necessarily stay in tune 
through an entire program, just because it 
was thoroughly warmed before tuning. During 
any long rest, wind instruments should be 
warmed by blowing through them. This will 
help to keep them from going flat. 



Tuning the Ensemble 
Many wind instruments tend to play much 
sharper in their upper registers. Notes played 
near the throats of woodwinds are more sensi
tive to tuning adjustments than those using 
most of the tube, and temperature effects are 
more prominent here also. And while we tech
nically measure tuning changes in cents, this 
is not a good measure of musical dissonance. 
Two piccolos 15 cents apart can produce an 
intolerable beat sounding like a doorbell-
two Sousaphones 15 cents apart may beat 
once every three seconds. In tuning an 
ensemble then, each section should be tuned 
individually, with several notes used, particu
larly those near the throat and in the upper 
registers. Much more attention is required for 
the higher instruments than for the lower ones. 

What Instrument is Best to Tune to? 
Generally, if winds are the only instruments 
used in an ensemble, the tuning standard 
should be allowed to rise as the tempera
ture rises. This cuts down on tuning adjust
ments during performance. But a compromise 
standard is needed because each instrument 
changes differently with changes in environ
mental temperature. 

The clarinet is best for wind ensemble tuning, 
for several important reasons: 

1. Because of the difference in distance from 
the reed between the first tone holes and 
the bell tones, it has a minimum of possible 
tuning variations. 

2. It warms quickly with the player's breath; 
and after it is warm, environmental tem
perature changes affect it less than 
other winds. 

The following is a workable formula for 
woodwind ensembles, using the clarinet as 
a tuning standard: 

The frequency of the tuning standard may rise 
approximately one cycle (Hz) for each ten 
degree rise in environmental temperature. 
For example: A = 440 Hz at 72° F.. .441 at 
80° F ( + 4 cents)... 442 at 90° F ( + 8 cents) 
... and 443 at 100° F ( +12 cents). Having 
started at 72° F, the pitch has risen 12 cents 
at 100° F. The variations chart on page 8 
shows that by allowing instruments to become 
sharper as temperature rises, a conductor 
can avoid extreme variations in the pitch of 
instruments. Players do not have to compen
sate by pulling barrel joints, mouthpieces, or 
slides, in effect altering the basic design of 
the instrument. An enforced A = 440 at all 
temperatures will cause intonation problems, 
especially in the lower woodwinds, because 
the mouthpieces and tenons of these instru
ments are not designed to tolerate large 
misalignments. 

The following suggestions can create an 
awareness and a tuning discipline which will 
lead toward better overall "intra-group" 
intonation. 

When tuning down to A = 440 when room 
temperatures are high, several representative 
notes should be checked, rather than just one. 
Ideally, the instrument should be adjusted 
until the number and "depth" of sharp notes 
balances the number and "depth" of flat tones. 

Music Directors have a choice: The tuning 
standard can move sharp enough at higher 
temperatures so wind instruments have satis
factory intonation. But the Director must live 
with resulting difference between winds and 
non-winds. And if an approximate A = 440 Hz 
standard is maintained regardless of tempera
ture, the Director must tolerate tuning prob
lems among wind instruments. 



TABLE I TABLE II 
Effect of withdrawing the mouthpiece 3 mm on Pj tch changes with Room Temperature, Cents* 
an Ey Alto Saxophone 

Written Note Flattening, Cents 

F (highest, 12 
E second 14 
D register 17 
C key 20 
B used) 23 
A 26 
G (first 16 
F register 15 
E key 14 
D used) 13 
C# (low 18 
B register) 15 
A 11 
G 8 
F 5 
E 4 
D 3 
C 2 
B> 2 

Cents Total 
change change 

for 10°F during 
rise in warm-up, 
Room 70°F Room, 

Temperature Cents 

Flute 7 14 
Oboe 6 
Bassoon 4 14 
Sop. Clarinet 4 10 
Alto Clarinet 7 10 
Bass Clarinet 9 11 
Alto Saxophone 7 9 
Tenor Saxophone 10 
Baritone Saxophone 11 12 
Cornet 6 16 
French Horn 9 12 
Trombone 7 6 
Euphonium 9 
E^ Sousaphone 13 5 
BB^ Sousaphone 15 8 
Vibraphone -2 
Xylophone -5 
Marimba -5 

*From R. W. Young, Reference 19. 
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Summary 
The first task of the musician is to control the 
frequency of the sound produced by his instru
ment. The complex nature of the factors deter
mining frequency in a wind instrument makes 
it essential that the instrument designer, the 
musician, and the director agree on standards 
of frequency and scales, and make intelligent 
use of them. After many years of disagreement, 
a tuning standard of A = 440 Hz at 72° F has 
been established, and is recognized the 
world over. 

Intelligent tuning of wind ensembles calls for: 
1. Use of a frequency reference appro

priate to the international standard and 
to the temperature of the environment. 

2. An understanding of the behavior of 

wind instruments under different con
ditions of temperature and tuning 
adjustment. 

3. Adequate warm-up of instruments. 
4. Careful tuning adjustments and prac

tice at the same temperature as the 
performance. 

5. Tuning of several notes on the instru
ments of each type, using notes that 
are especially sensitive to tuning 
adjustments. 

Music directors who understand the need for 
a standard, how the various instruments depart 
from this, and how their frequencies vary with 
external conditions, can more readily achieve 
the musical performance for which they strive. 
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Acoustical analysis of the Boehm flute 
John W. Coltman 

3319 Scathelocke Road, Pittsburgh, Pennsylvania 15235 

(Received 11 May 1978) 

Experimental determinations were made of the acoustic reactance of finger holes and keys typical of the 

modern C flute, and of the column-lengthening properties of the cavities formed by the closed keys. 

Formulas are given by which these parameters can be used to predict the effect of variations in finger 

holes. Calculations of resonance frequencies are made for a flute, and compared with the intonation as 

played. The transmission line analogy is used to calculate standing-wave distributions, wall losses and 

radiation losses for some notes in the third register. 

PACS numbers: 43.75.Ef 
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INTRODUCTION 

The design of woodwind instruments has for the most 
part been an empirical process, in which slight changes 
from existing models are the rule. Rarely, basic re
designs such as those of the Hotteterres in the 17th cen
tury, and Boehm in the 19th, come along. The modern 
flute differs but little from Boehm's design of 1847. 
Nevertheless, improvements in intonation and response 
are being made, and rather recently there has been an 
awakening interest among makers to provide instru
ments with improved scales. This paper presents an 
analysis of the manner in which certain geometrical 
variations affect the intonation and response of the mod
ern flute, and provides specific measurements and cal
culations of the important acoustic parameters. Where 
practical these are given in tables convenient for design 
purposes. The treatment is confined to the main cylin
drical portion of the instrument—the headjoint properties 
have been analyzed by Benade and French1  and the blow
ing effects by Coltman2  and Nederveen.3  

The general approach is based on the technique pro
posed by Richardson,4  in which the air column is repre
sented by a transmission line shunted by admittances 
representing the finger holes. For a basic treatment, 
the reader is referred to C.J. Nederveen.5  

I. TEMPERATURE EFFECTS 

The main air column of the modern flute is cylindri
cal, with an inner diameter of 19. 0 mm. This diameter 
seems to have been universally adopted for the orches
tra flute in C, and we will assume this value as a refer
ence throughout the paper. The velocity of sound in this 
tube is affected by temperature, water vapor and car
bon dioxide content, and by dissipative mechanisms at 
the walls which are frequency sensitive. The values 
used here are calculated from earlier published mea
surements.2  At 28. 9 °C (84 °F), which is a measured 
value under playing conditions for the temperature at 
the headjoint coupling to the main tube, the velocity of 
sound in the tube at a frequency /  is taken to be 

( 1 )  c = 349800(1 -  0. 165f~1 /2)mrn/s . 
C. - 350 ooc ( t - , ( 7<o + ) 

For other points on the column, the temperatures and 
the factors by which the wavelength should be multiplied 
are given in Table I. These include the effects due to 
water vapor concentration changes at 100% relative 
humidity. 

A tube with a temperature gradient does not behave 
exactly as if the velocity of sound alone were changing, 
since the characteristic impedance changes along the 
tube also. Consider a tube at absolute temperature T, 

with a small length Ax located at a distance x from an 
open end, at temperature T+ AT. Manipulation of the 
transmission line equations for this case shows that the 
tube behaves as if its length had been changed by an 
amount: 

dx= - (AT/T)Ax COS2£X ,  (2) 

where k=2v/\. When coskx = 1, i.e. , the warm spot is 
located at a pressure node, the temperature effect is 
twice that we expect from velocity change alone, which 
is i  A T/T.  When the warm spot is at a pressure anti-
node, the effect is zero. 

Equation (2) may be integrated over the assumed 
temperature distribution to obtain the apparent length 
of a tube. For a linear distribution of temperature ex
tending over a length L from an open end where the 
temperature is assumed to be T-AT, the apparent 
change in length compared to a tube of uniform temper
ature T is: 

A L / L  =  
AT 
T 

1 sin2£L 1 /sin kL\^ 
2 k L kL 

(3) 

Y o v k L  - m ,  the value is just j(AT / T ) ,  which is the val
ue we would get by using the average temperature over 
the tube. This is the case for the flute at resonance in 
any mode. For a cylindrical tube stopped at one end, 
as is the case for the clarinet, resonance occurs at 
kL •-  {n  -  1/2)t t .  For the first mode, Eq. (2) gives 
AL/L = 0. 351A7/T, rather than 0. 250AT/T; for the 
second mode the value is 0.262 A T/T, etc. Thus the 
harmonic relationship of the modes of a stopped pipe is 
upset by a linear temperature gradient, in contrast to 

TABLE I. Temperatures and wavelength changes at 
ooints alons; the flute. 

Location Temp. °C Velocity tactor 

Embouchure 30. (i -tTTrrnr y.OO'i » 

Headjoint coupling 28.9 1.0000 1 ,oCCD 

At C 5 (vent) key 23. 3 0. 98T9 
At A hole 27. 7 

At E hole 26. 8 ± 
At far end (C) 

00 

0.98^7 

2.5*0 .w* 

3. 

"a 

ie'H 
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the case of an open-open pipe. For calculating the res
onance frequencies of the flute, it suffices to assume a 
constant wavelength, and adjust the physical lengths of 
the tube sections by dividing by the velocity factors 
given in Table I, since the remaining effects cancel out 
over a half wavelength. 

II. REACTANCE OF FINGER HOLES 

In order to calculate the resonance frequencies of the 
flute, it is necessary to know the acoustic character
istics of a side hole and its associated cover or key. 
The open hole should be represented by a T or tt net
work—in practice the series arms have such small val
ues that it suffices to represent the hole simply by a 
shunt admittance. The loss or conductive portion enters 
into the resonance determination only to a very small 
degree—for this purpose it suffices to determine the 
reactive portion. For simplification we designate this 
by a length (or height) h, which is the length of tubing 
having a diameter equal to the bore of the flute (19. 0 
mm) and whose inductive reactance (jkhpc/S) is equal to 
that of the hole. The finger hole can be treated then as 
a stub or chimney of height h and diameter 19. 0 mm, 
with all end effects and compressibility of the air in the 
stub eliminated. 

The experimental determination of h for a given hole 
was done quickly and accurately by the following method. 
A piston driver was fitted to one end of a smooth tube of 
19.0 mm bore, and length L. A rigid ceramic micro
phone terminated the other end, forming a closed-
closed column. At the center of the tube was formed 
the side hole and key to be measured. Such a system 
has two lowest modes. The first is a "slosh" mode in 
which the acoustic displacement in each of the quarter-
wave sections facing the center hole is complementary, 
so that no acoustic flow goes out the side hole. The 
presence of the hole then has essentially no effect on the 
frequency, which is simply the resonance frequency of 
a half-wave tube of total length L. (What little effect 
it does have, compared to a smooth uninterrupted tube 
suffices to determine the series arms in the aforemen
tioned T network.) The "butt" mode finds the two quar
ter-wave ends oscillating in phase, and sharing the 
side hole as a restricted outlet for the acoustic flow. 
The frequency of this mode is lower. A straightforward 
calculation shows that the effective height h of the side 
hole is given by: 

* = i(2^tanfi) (4) 

where /j and fz are the resonance frequencies of the butt 
and slosh modes, respectively. These resonance fre
quencies are easily measured, as is the length L of the 
tube from the driver to the plug. The result is very 
insensitive to exact centering of the side hole, and is 
temperature independent. 

Measurements of h were made for side holes of dif
ferent diameter, with varying key rises, and different 
forms of key covers as found in modern flutes. The 
geometry of the keys used is shown in Fig. 1. Two 
sizes of key cups, in perforated and solid types were 
employed. The key rise is specified not at the outer 

r i se  

,9-9 l*r9e 

1 8 9  smari 

FIG. 1.  Geometry and dimensions (in mm) of the large holes 
and keys measured. 

edge, but at the center of the hole. This makes the re
sults less sensitive to the length of the lever arm, 
which determines the tilt of the key when open. The 
main acoustic impedance is the annular space above the 
rim of the hole—this varies around the periphery, but 
its average is reasonably well specified by the rise at 
the center of the hole. 

The results are summarized in Table II. The values 

TABLE II. Values of /z(mm) for various hole diameters, key 
styles and key rise.  The normal rise for most keys on the 
flute is 2. 0 mm at the center. 

Hole diameter, 
mm 

Rise at center,,  mm 
Hole diameter, 

mm 1.5 2.0 2.5 3. 0 

Solid key, 18.9 mm outside diameter: 

12.5 31.7 28.7 27. 1 26 .4 
13.0 31.1 27. 9 26.2 25 .2 
13. 5 30.2 27.0 25.2 24 .  0 
14. 0 29.0 26.0 24. 1 22 .8 
14.5 27.6 24.7 22.9 21 .6 
15.0 26.0 23.3 21. 6 20 .4 

Solid key, 19. 9 mm outside diameter: 

12.5 32.1 29.2 27. 5 26 . 7 
13. 0 31. 6 28.4 26.6 25. . 6  
13.5 30. 7 27.5 25.6 24 .4 
14. 0 29.5 26.5 24.5 23. . 1 
14.5 28.1 25.2 23.2 21. .8 
15.0 26.4 23.8 21. 9 20. .4 
15. 5 24.4 22.3 20.5 19. 0 
16.0 22.2 20. 5 19. 0 17. 5 

Perforated key, 18. 9 mm outside diameter: 

12.5 26.6 25.2 24.6 24. 0 
13. 0 25.6 24.2 23.3 22. 6 
13.5 24.5 23.2 22. 1 21. 4 
14. 0 23.4 22.1 21. 0 20. 2 
14.5 22.2 21.0 19.9 19. 1 
15. 0 21. 0 19. 8 18. 9 18. 1 

Perforated key, 19.9 mm outside diameter: 

12.5 26. 9 25.6 24. 9 24. 2 
13. 0 25. 9 24.6 23. 7 22. 8 
13.5 24.9 23.6 22.5 21. 6 
14. 0 23.8 22.5 21.4 20. 5 
14.5 22.7 21.4 20.3 19. 4 
15.0 21.5 20.3 19.2 18. 5 
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Chimney height 1.4 mm 
Key diameter 12.0 mm 
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FIG. 2. Effective height of small holes as a function of hole 
diameter and key rise. 

there have been interpolated from the several holes 
actually measured. It will be seen that perforated keys 
have less reactance than closed keys, and that the value 
is less sensitive to the rise of the key. Measured val
ues for small holes are given in Fig. 2. These values 
should suffice to estimate h for any keys normally en
countered on the flute. Corrections for additional 
chimney height can be made, if necessary, by multiplying 
the additional height by the ratio of the areas of the 
main tube and the hole in question, and adding the result 
to h. 

III. EFFECTS OF CHANGES IN SIDE HOLE 
GEOMETRY 

The effective length of the air column can be calcu
lated, as will be done later, by starting at the far end 
and calculating the admittance presented at successive 
holes as one proceeds up the tube. But most designs 
start with a given flute and make slight changes to 

TABLE III. Air column lengths and characteristic differences 
for the "reference flute. " 

Hole 
"L"  
Column length, mm 

"s"  
Lengthening for 
one semitone, mm 

C3 30G.7 18.2 
C (thumb) 324. 9 19. 3 
B 344.2 20. 5 
B' 364.7 21.7 
A 386.4 23. 0 
G- 409.4 24.3 
G 433. 7 25. 7 
F" 459.4 27.3 
F 486. 7 29. 0 
E 515.7 30.7 
D'  546.4 32. 5 
D 578.9 34.4 
C 613.3 36.3 
C'  649.6 38.5 
B 688.1 40.8 

achieve a desired scale. To make this process simple, 
we derive a number of relationships based on an ideal 
"reference flute" in which the effect of closing the next 
key below the last one open is to lower the resonance 
frequency by one semitone. This is equivalent to stating 
that the effective termination of the air column is moved 
a distance s such that the column length Lit under con
sideration, is increased by a factor approximating 
1.0595. Thus si = Li.1-Li is a characteristic number 
associated with each hole on the flute. Theoretical 
values of and s{, based on the temperature distribu
tion and velocity of sound in the flute under playing con
ditions, are given for the notes of the first register in 
Table HI. The successive differences are the values of 
s for the hole in question. The note name goes with 
the first open hole (vents excepted) encountered going 
down the flute, i. e., away from the mouth hole. Val
ues of s are also valid for the second register. 

Figure 3 shows schematically the geometry of the 
reference flute near the end of the column in use. 
When the key is open, the effective end of the air col
umn is some distance d below the center of the open 
hole. When the key is closed, the column lengthens by 
an amount s, as defined above, so that the distance 
from the center of the key is now d+ s. Referred to 
the characteristic impedance of the main tube, the 
admi t t ance  o f  the  l eng th  o f  tube  d  + s  i s  - j  co tk{d+ s ) .  
The holes on the modern Boehm flute are sufficiently 
close together (with the exception of the upper C^) that 
we can use ta.nk(d+ s) = k(d+ s) and can write this admit
tance as l/jk(d+s). The admittance of the side hole is 
l/jkh, and the total admittance at this point is the sum. 
But this combined admittance is just that which we 
would see at the center line of the hole with the key 
open, and this defines the length d. Then 

1 = 1  1 
d  h  d+ s  

and solving for d  we find: 

rf = |s[(l + 4fc/s)1/2- 1] 

(5) 

( 6 )  

This is the value of d  for any hole acting as a terminal 
hole on the reference flute having a height h and char
acteristic s. 

A. Changes in h  

If now the positions of all holes are unchanged, and 
the value of h for the terminal hole is altered by A/,-, 
then 

"Q. 

"g S. 
° 

"8 

Qi O 
c a> 

II 
° i a > 

C <D 
3-C 
° >  o > 
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FIG. 3. Geometry and notation for air column length calcula
tions. The active column is on the left. 
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A d •[ (1+4h/s) x n  -
2hjs  

A k (7) 

This is the change in air column length occasioned by a 
change in key height Ah. The change in frequency in 
cents is - 173lArf/L. As an example, if the rise of the 
G' key were altered from 2 to 1.5 mm, Table II shows 
that h changes from 27. 9 to 31.1 mm. The value of s 
for G5* is 24. 3 mm, and from Eq. (7) we find Ai = 1. 5 mm. 
Using L for G# from Table HI, the note would be flat-
tended in pitch by 6. 3 cents. The factor relating Ad 
and Ah in Eq. (7) ranges from about 0. 3 to 0. 5 for vari
ous keys on the flute. 

A change in finger hole height will affect not only the 
frequency of the note for which it is the terminal hole, 
but also slightly that of the note above. The formula 
for the change in air column of that note is 

,  \ { l  +  4h/s) x n  

= 1_(1 + 4/?/s)1/2 + 1. 
A d, ( 8 )  

where h and s refer now to the new terminal hole. The 
factor relating Ad' and Ad ranges from about 0. 2 for 
keys near the embouchure to 0. 1 for keys near the foot. 
In the previous example, the effect of a 1. 5-mm change 
in column length for G# gives rise to a 0. 24-mm change 
in column length for A, about a 1-cent change in fre
quency level. 

B. Changes in hole position 

If the position of a terminal hole is changed by an 
amount Ax, leaving all other holes unchanged, the air 
column length does not change by the same amount, 
since the length of tubing below the hole has also been 
altered. The formula for net change in air column 
length is 

. , 4(l + 4fc/s)1/2 

[ (1  +  4h/s) i / 2  + l ] 2  A* '  
(9) 

The factor relating Ad and Ax is not far from unity— 
it varies from about 0. 8 at the near end to 0. 9 at the 
far end, for normal size holes. 

The effect of moving a hole on the next note above 
may be found, as before, by first calculating Ad for the 
terminal hole, and then applying Eq. (8). 

C. Trade-off of position and hole height 

A particularly useful relationship is one which gives 
the change in position necessary to compensate for a 
change in hole height h. Substitution of height h2 for a 
height hx requires a movement of the hole by 

Ax = 4 s[( 1 + 4/zj/s)172 - (1 + 4/22/s)172] (10) 

in order to keep the frequency constant. Positive Ax 
is away from the embouchure. For example, a per
forated key for A may have an h of 24 ? mm while a 
solid key has an h of 27. 9 mm. Using s = 23. 0 mm 
(Table IE) and Eq. (10) we find the hole should be 
moved —1.5 mm (toward the embouchure) if a solid key 
were used to replace the perforated key. This formula 
is convenient to use in comparison of existing flute de
signs. Each hole can be corrected in position to that 

which would be occupied by a hole of constant h, and 
then positions can be directly intercompared. 

IV. THE C# HOLE 

The C# hole on the upper end of the Boehm flute is 
used not only as a terminal hole for cf and cf but also 
as a vent for several other notes. To accomplish this, 
it is made quite small (about 7. 5 mm in diameter) and 
is moved up the tube from its normal position. The 
length of main tube between this hole and its neighbor 
is long enough that the approximation tan£x = kx intro
duces some error. For this hole it is necessary to use 
the more exact impedance formulation. A calculation 
for the optimum position shows that this effect alone is 
responsible for Cf being about eight cents sharper than 
cf, a fault quite apparent in the modern instrument. 
The compromises necessary for this hole may be sim
ply avoided by the provision of an additional hole,6 with 
a suitable mechanism to bring it into play for the two 
C#'s. 

V. VENT HOLES 

When used as a vent, the effect of a side hole is very 
different than when it is used as a terminal hole. The 
vent is located close to a pressure node of one of the 
higher modes of the tube. If positioned exactly at a 
node, it has no effect whether open or closed, but it 
does hinder the sounding of modes which do not have 
a pressure node at that point. If a vent with admittance 
l/jkh is displaced from the center of a tube of length 
L by an amount Ax, resonance of the second mode is 
obtained at a frequency such that 

1 1 
j  tan&(£/2 - Ax) j kh  j  ta .nk{L/2 +  Ax) 

=  0 .  (11) 

If the displacement is small compared to a quarter 
wavelength, the equation can be solved for k, and com
paring to the value of k in the absence of the vent we 
find that the frequency is sharpened by an amount: 

cents sharpening = 1731 &x z /Lh ( 1 2 )  

The sharpening for a given displacement is inversely 
proportional to the hole height. The C# hole on the flute 
is used for a vent for D5 and Eg, among others. It is 
normally placed about 13 mm above the node for D5, 
sharpening that note about 10 cents. It is about 3 mm 
below the node for Eg, and has negligible effect on its 
frequency. 

It is noteworthy that the vent always sharpens the 
note, whether it is displaced up or down the tube. This 
can be demonstrated on the flute by using the second 
trill key as a vent for E5. While this is not a normal 
fingering, the vent here is very close to the proper 
position, and does not affect the frequency. Using the 
first trill key (higher up the tube) sharpens the note ap
preciably, and so does the use of the C# vent, which is 
lower than the proper position. It will be noticed that 
the response and tone of a note in which the vent is too 
high is better than that for which the vent is too low. 
A calculation of the impedance seen at the mouth hole, 
when tube losses are included, shows that for a given 
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mouth-hole current the dissipative loss in the tube is 
substantially higher for a vent below the node than for 
one above the node. 

For any mode and any vent location in a tube open at 
both ends, the sharpening in general is given by 

cents sharpening = 1731 AxZ /L{h -  {m/n)Ax). (13) 

Here m is the number of quarter wavelengths from the 
tube center  to  the node where the vent  i s  located,  and n 
is the mode number or the number of half-wavelengths 
in the tube. The displacement Ax is positive when going 
toward the nearest open end. 

VI. EFFECTS OF CAVITIES 

The cavity formed by the chimney of a hole when the 
key is closed perturbs the bore of the tube and changes 
the resonance frequency. When the cavity is located at 
a pressure antinode, the extra volume there is equiv
alent to lengthening the tube by an amount a. When it 
is located at a velocity antinode, the enlarged cross 
section is equivalent to shortening the tube, but not by 
an equal amount since the particle velocity is not uni
form throughout the cavity. We designate this maxi
mum shortening by b. At any position, the total effect 
is given by 

AL = a sin2 kd -  b cos2 kd , (14) 

where d is the distance to the apparent column end. 
Since kd varies both with frequency and hole position, 
and there are variable numbers of cavities present, 
the total effect is different for each note. 

The same apparatus used for measuring the effective 
height of the hole was used to measure the magnitudes 
of a and b. A paraffin plug was inserted into the hole, 
and reamed inside so as to form a smooth continuation 
of the tube wall. The resonance frequencies of the first 
and second modes of the closed-closed section were 
measured. The plug was then removed, the hole closed 
with the normal key and pad, and the frequencies re-
measured. The first mode has a velocity antinode at 
the center; these measurements yielded b, while the 
second mode has a pressure maximum at the center and 
yielded a. Table IV lists the values of a and b for the 
various keys measured. 

As expected, a perforated key has a larger cavity 
effect, especially for lengthening, where the entire 
volume of the hole comes into play. A closed key flute 
will have smaller total cavity effects than a perforated 
or open key flute. 

TABLE IV. Cavity-effect constants for holes and keys on the 
Boehm flute. Key Dimensions as per Fig. 1. 

Hole diameter, mm Key a-—mm b-—mm 

7. ,4 Solid 0. 12 0. 06 
12. . 9 Solid 0. 8 0. 5 
12. 9 Perforated 1. 3 0. 7 
13. 9 Solid 1. 2 0. 6 
13. 9 Perforated 1. 7 0. 8 
15. 6 Solid 1. 8 1. 0 
15. 6 Perforated 2. 2 1. 2 

TABLE V. Change in effective air column length due to cavi
ties for a perforated key flute. 

Fingered 1st octave 2nd octave Octave shrink, 
note AL, mm AL, mm cents 

C (lowest) 7 . 8  
D 5 . 0  6 . 0  3 . 0  
E 2 . 6  5 . 9  1 1 . 1  
F 1 . 6  5 . 3  1 3 . 2  
G 0 . 1  3 . 5  13. 6 
A - 0 . 3  '  1 . 4  7.6 
B 0 0 . 6  3 . 0  
C 0 0 . 5  2. 7 

Table V shows the apparent change in column length 
due to cavities for notes in the first two octaves of a 
flute with perforated keys. The effects are substantial, 
and unfortunately, are different for the same note in 
the first and second register, so that the modes are not 
at exact octaves. The "octave shrink" due to this effect 
is also given in the table. 

VII. CALCULATION OF RESONANCE LENGTH 

The resonance frequencies for a flute of common de
sign were calculated using transmission line principles, 
together with the parameters given in the foregoing sec
tions. As a first step, the diameters and positions of 
the finger holes were measured. The flute was then 
"stretched" by amounts taken from Table I to account 
for velocity changes with temperature along the column. 
The calculation proceeds as follows: A certain note is 
selected, and the wavelength corresponding to the stan
dard frequency for this note is obtained using Eq. (1). 
Starting at the far open end, the end correction (5. 8 mm 
for a 19. 0-mm tube) is added and then the susceptance 
as seen farther up the tube at the center of the first hole 
is calculated by the relation Bx = - cotkd\. The suscep
tance Bz-- kh of the hole is added and then the distance 
dz from this point to the new apparent termination of 
the air column is obtained from the inverse relation 
kdz = -cot-1(.B2 + BX). The distance to the next hole is 
then added, and the procedure repeated. If a key is 
closed, the susceptance is not calculated, but instead 
Eq. (14) is used to get the change in length due to the 
cavity, using the value of d{ at that point. After all the 
holes have been passed, a length of tubing roughly equal 
to the distance to the mouth hole plus its end correc
tion is added, and the point is found where the suscep
tance is infinite. The distance from some reference 
mark to this point is recorded as that length of tubing 
required to give resonance at the chosen wavelength. 
One expects this distance to be nearly independent of 
the note, or at least to vary smoothly over the scale. 

Doing this for two slightly different wavelengths per
mits finding by interpolation the wavelength (and fre
quency) produced by a fixed length flute, i. e., the res
onance frequency that would be obtained with a fixed 
length of tubing as a head joint. Moreover, one obtains 
a measure of the sensitivity of the frequency to the 
timing joint extension for each note. In the first two 
registers this is trivial, since the air column lengths 
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TABLE VI. Calculated changes in the mouth-hole node loca
tion required to give an equal tempered scale, and values of 
effective air column length for a student model Boehm flute. 
Third register. 

Mouth hole node 
location, mm Effective column 

Note from reference length, mm 

C7 (foot keys closed) 13, .3 456 
C7 (foot keys open) 9. .2 382 
B 6  4. .  7  390 

1 .  ,2 389 
a 6  5 .  , 1  388 

GI 7 .  9 38G 
G 6  5 .  9 430 
F S  
*  6 4. 4 433 
Ft 5 .  8 427 
E 6  4. 7 451  

EI 5 .  6 472 
1 .  3 392 

are well known. But in the third register, there are 
several vents whose positions with respect to the nodes 
vary with frequency. Additionally, at high frequencies 
the wave energy extends to several open holes at the 
far end before complete reflection. Thus it is not at 
all straightforward to predict what change in frequency 
will accompany a change in length elsewhere in the air 
column. 

Table VI lists the calculated distance above a fixed 
reference point, of the location of the "mouth hole" 
node, in an untapered tube at 28. 9°C, required to pro
duce notes of the A 440-Hz equal tempered scale. Also 
listed for each note is the effective air column length, 
that is, the divisor L to be used in the expression for 
frequency change Af/f- - AL/L. Examination of the 
values shows variations in the required mouth hole node 
distance of several millimeters. The effective column 
lengths are quite variable, but do not cover the range 
(313-667 mm) of the notes in the first two registers. 
The effect of tuning slide adjustments will be quite dif
ferent for these notes than for those in the first two 
registers. 

Values for the first and second register were also 
calculated. The effective air teohimn lengths in these 
are equal to one-half or one wavelength, respectively, 
and the resonance length variations are expressed in 
Fig. 4, so they are not given in Table VI. 

Using the calculated values of mouth hole node posi
tion and the effective air column length, a set of reso
nance frequencies was derived assuming a fixed mouth 
hole node position of 247 mm above the first trill key. 
The variation of these frequencies, in cents, from those 
of the equal tempered A 440 scale are plotted in Fig. 4. 
Also plotted are the frequencies produced on this flute 
when played by the author. One does not expect coin
cidence, since the head joint taper, mouth hole cover
age, and blowing effects are not included in the calcula
tion. Nevertheless the correspondence is striking, par
ticularly in the third register, and the differences be
tween the two sets vary fairly smoothly with frequency, 
as is expected. 

VIII. DISTRIBUTION OF ACOUSTIC PRESSURE-
LOSS-FREE 

The amplitude of the standing wave pressure at any 
point in the tube is simply P=2A sind, where A is the 
amplitude of the incident wave and d the distance to the 
apparent column end. At each open hole, the amplitude 
of the incident wave in the succeeding section is differ
ent than that of the incident wave just before the open 
hole. But P, the standing wave pressure, is continuous 
across this boundary. The standing wave pressure dis
tribution is then made up of pieces of a sine wave which 
match at open hole locations but may have discontin
uous slopes there. The value of sin&d is calculated just 
before and just after adding the hole admittance, and 
after the calculations for the entire column are done, 
A is set at unity for the uppermost section, and adjusted 
for each lower section so that values of P match at the 
hole locations. A more elaborate treatmentof the pres
sure distribution with examples of results, is given in 
the next section. It turns out that resonance length re
sults are essentially unchanged by including losses, 
so for that purpose the above treatment is adequate. 
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I 

B» -1 

B--1 

FIG. 5. Smith chart conventions used in the transmission line 
analogy. 

IX. CALCULATIONS WITH LOSSES 

Two kinds of dissipative losses may be included in 
the transmission line analogy. The first is dissipation 
in the tube, which is by far the most important in the 
first two registers. The second is radiation from the 
finger holes (or end) and mouth hole, which only begins 
to be comparable to the tube dissipation in the upper 
part of the third register. Both of these are handled in 
the procedure below. 

The direct use of admittance transformations when 
the transmission line has losses is a lengthy procedure. 
It may be greatly simplified by use of the concepts of 
the Smith chart, widely used in microwave radio calcu
lations. The chart can be used graphically, as original
ly intended, but it is preferable to use it as a geomet
rical model and perform the calculations on a calculator 
or computer. The relationships derived here can be 
accommodated on a programmable pocket calculator 
such as the SR 52. 

The essential features of the Smith chart, and the 
conventions adopted here, are shown in Fig. 5. This 
is a chart of the admittance G+jB, with negative sus-
ceptances B plotted on the upper half, and conductance 
G labeled on the real axis. All conductances and sus-
ceptances are relative to the admittance of the main 
tube, and are dimensionless. The angle 9 of the reflec
tion vector is zero at the right hand side where the con
ductance is infinite, and increasingly positive in the 
counter-clockwise direction as we approach the genera
tor. The radius of the chart is unity, and the reflection 
vector r expresses by its magnitude the reflection co
efficient. As one proceeds a distance x up the tube 
toward the mouthhole ,  9 increases  by an angle  4nx/ \ ,  
making a complete revolution each half wavelength. 
The magnitude of the vector P gives the acoustic pres
sure at the point in question, assuming the incident 
pressure is unity. This pressure results both from the 
standing and traveling waves. As the vector rotates, 
r is made to shrink by a factor e~Zax, where a is the 
attenuation coefficient of the wave in the tube. For a 

smooth tube of 19 mm diameter, we used a value of 
ct = 0.001 51 X"1/2/mm. 

As an example, one might start at the point of 0 = 0, 
where the conductance (ignoring radiation) is infinite 
and the pressure zero. This is the far open end of the 
tube. Proceeding up the tube 1/4 wavelength, 9 is 180°. 
The vector r, having shrunk by e~2ax, will terminate at 
a small conductance G. The pressure P will be nearly 
but not quite twice the incident wave pressure. Another 
quarter wave brings us back to very high but finite con
ductance, with a small pressure P representing that 
which is necessary to keep the slightly lossy resonator 
in oscillation, when being driven at this point. 

To use this chart with a calculator, it is convenient 
to  der ive expressions of  G and B in  terms of  r  and 9.  
When moving up the tube a distance x, 9 is changed by 
the appropriate angle, 9 = 4irx/\ and r is reduced by 
e'2ax. At the point where a hole is encountered, r and 
9 are used to calculate G and B. The admittance of the 
hole is then added. The susceptance B of a hole is 
-j/kh. If B» G, as is always the case for holes on the 
flute, one can show that the conductance of a side hole 
due to radiation is simply S/Zirh?, where S is the area 
of the main tube. The end correction at the far end of 
the tube is treated as a side hole of h- 5. 8 mm. It 
must be pointed out that the radiation resistance of a 
source can be modified by other sources of the same 
frequency in its vicinity. This effect has not been taken 
into account here, nor has that of the added nonlinear 
losses which will be encountered at large amplitudes. 
After the hole admittance is added, the new r and 9 are 
calculated, and one proceeds up the tube as before to 
the next  hole .  The relat ionships  connect ing r ,  9 ,  G,  
and B are 

/(I — G)2 + B z \  
r = \ ( l  + G)2 

+ W  

1 / 2  

(15) 

9= tan _j 2 B 
1 - G2 - B 2  '  

(The tan"1 is ambiguous. A sufficient determinant is: 

if 1 - G2 - B 2< 0, then 8 is in the first or fourth 
quadrant, 

if 1 - G2 - B 2  > 0, then 9 is in the second or third 
quadrant. 

For calculators that give tan"1 in the first or fourth 
quadrant, one should add 180° if the second condition 
holds.) 

(16)  

G = 

B = 

1 - r 
1 + r - 2rcos6 '  

- 2r sin9 
1 + r"  - 2r cos0 ' 

jp| = (1 + r2 - 2r cos0)1/2, 

r (* 2 )  = r{x 1 )  exp[-  2ot{x z -x x )}  .  

(17)  

(18) 

(19) 

(20) 

The cavity corrections necessary at the locations of 
fixed keys can be calculated since the apparent distance 
to an open end is available through the angle 9. In 
terms of this angle, Eq. (14) becomes 

I 
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. r a - b a + b 
= 2—r0036-

(21) 

As in the lossless case, P is the pressure in the tube 
relative to the incident wave pressure, and the latter 
can be found for each section by making the pressure 
continuous at each junction. The form of the pressure 
distribution in an uninterrupted section is no longer a 
sine wave, but it will have a hump every half wave
length, and approaches a "full wave rectified" sine wave 
for low-loss cases. 

Several cases of interest for notes in the third register 
were calculated by this process. Figure 6 gives the 
calculated pressure distribution for A6(1760 Hz). A 
sketch of the flute on the horizontal axis shows which 
keys are open, and their location. At the upper end of 
the flute, the standing wave is well developed, descend
ing nearly to the zero axis at the pressure nodes. At 
the C# hole, the finite pressure and a small discontinu
ity in slope shows the hole to be displaced from the 
node, which has the effect of shifting the waves above 
it to the left (sharpening) and reducing the amplitude of 
the next wave below the hole. The G* hole is almost 
exactly at the node, and has no effect. The pressure 
drops off successively at each of the open holes at the 
lower end, but extends in appreciable amounts to the 
very end. 

The D# key appears to be in a relatively innocuous 
position, and one would not guess that its being open or 
closed would make much difference. But A6 is practi
cally impossible to sound with this key closed. A cal
culation of the pressure distribution (Fig. 7) shows the 
reason why. The upper portion of the tube, where the 
mouth hole is, has a quite low standing wave ratio, 
that is, the reflection coefficient is low and a wave 
launched from the mouth hole will be reflected with only 
40% of its amplitude. Its energy has gone to excite a 
resonance in a section of the lower portion of the flute 
which peaks at the now closed D# key. This resonance 
is fairly high Q, but the sections preceding it provide a 
mate ling network to make the input look relatively re
sistive. In fact, at a slightly lower frequency than was 
used here, a nearly perfect match is obtained, with a 
reflection coefficient of 0. 06. Obviously it would be 

a <rj° o o 

FIG. 6. Calculated pressure distribution in the flute for the 
note Ag (1760 Hz). The position of open holes is shown on the 
diagram. 

3ft 

D* key 

FIG. 7. Calculated pressured distribution in the flute for A6 

with the D# key closed. The flute will hardly sound with this 
fingering. 

impossible to make the flute oscillate here when driven 
from the mouth hole end. 

One can calculate the relative power lost by wall dis
sipation and by radiation by omitting one or the other in 
a second calculation. For A6, as normally fingered, one 
finds the losses are 75% in the tube, 15% radiation from 
the finger holes and far end, and 10% from the mouth 
hole. For D7, a note which is above the usual accepted 
register of the flute, but still playable, the reflection 
coefficient is only 0. 70 at the mouth hole. The losses 
here are 35% tube dissipation, 60% radiation from finger 
holes, and 5% from the mouth hole. It is evident that 
the upper range of the flute is limited by excessive 
radiation losses. 

Experimental measurements of particle velocity dis
tributions in the flute have been made by Young and 
Loughridge7 and of pressure by Brindley.8 Detailed 
comparisons have not been made, but the general fea
tures of the observations are certainly consistent with 
the calculated patterns. 

X. CONCLUSION 

Richardson's successive impedance concept can be 
successfully applied to the Boehm flute over its entire 
compass, provided that attention is paid to perturba
tions in the main column and that the acoustical param
eters of the holes and their associated keys are known. 
Resonance length and driving point impedance calcula
tions reveal the causes for intonation departures and 
variable response, particularly in the third register. 

'A. H. Benade and J. W. French, "Analysis of the Flute Head 
Joint, " J. Acoust. Soc. Am. 37, 679-691 (1965). 

2J. W. Coltman, "Resonance and Sounding Frequencies of the 
Flute," J. Acoust. Soc. Am. 40, 99-107 (1966). 

3C. J. Nederveen, Acustica 28, 12-23 (1973). 
4E. G. Richardson, The Acoustics of Orchestral Instruments 

(Edward Arnold, London, 1929). 
JC. J. Nederveen, Acoustical Aspects of Woodwind Instru

ments (Fritz Knuf, Amsterdam, 1969). 
' J. W. Coltman, "A New C# for the Boehm Flute, " The In

strumentalist, 62—65 (May, 1977). 
7R. W. Young and D. H. Loughridge, "Standing Sound Waves 

in the Boehm Flute, " J. Acoust. Soc. Am. 7, 178-189 (1936). 
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Gal pin Soc. J. 24, 5-15 (July, 1971). 
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asked for equal temperament. This writer's advice is to nod agree

ably, and tune something like Werckmeister III or Young. It is unlikely 

anyone who insists on equal temperament will know the difference.' 

For those who have not acquired the Jorgensen book, there are 

several very satisfactory and less costly alternatives, of which the best 

is the pamphlet Harpsichord Tuning by G. C. Klop (Garderen, Hol

land: WerkplaatsXoor Clavecimbelbouw, i974^(The temperament 

names treated ais standard in this review are those used in Klop.) The 

article "Instructions for the Clavier Diversely Tempered" by Mark 

Lind\eyfEarly Music 5(1977): 18-^fis also very good, as is that by 

DaJ^Carr, "A Practical Introduction to Unequal Temperament," The 

Diapason, 65th year, no^-fFebruary 1974), pp. 6—8. Historical 

temperaments are now- an integral part of all serious study and 

performance of earjymusic. May we hope that Jorgensen,wiIl publish 

an abridged, selectively edited handbook of tuning temperament 

suitable fortfie practical use of the increasing number of early musi
cians? 

D O U G L A S  L E E D Y  

Earle L. Kent, ed. Musical Acoustics: Piano and Wind Instruments. 

Benchmark Papers in Acoustics, vol. 9. Stroudsburg, Pa.: Dowden, 

Hutchinson &c Ross, Inc., 1977. xiii, 367 pp. $34.00. 

The affinity between science and music had its earliest recorded 

expression in the experiments of Pythagoras in the sixth centurv B.C. 

He demonstrated that the lengths of strings necessary to give har

monious notes could be expressed as ratios of simple integers, and he 

established the mathematical basis for the musical scales then in use. 

Since then, scientific knowledge has flourished and grown to an 

enormous extent, while musical instruments have evolved very slowly. 

Nevertheless, the scientist is still trying to identify and explain the 

many acoustical phenomena that the musician and the instrument 
maker have learned empirically to handle so skillfully. 

This volume of collected papers in musical acoustics is directed to 

the scientist or engineer. It will be of interest also to musicians or 

- 200 

those for whom music is an avocation, if they have some grounding in 

science. It constitutes volume 9 of a series, Benchmark Papers in 

Acoustics, that is intended to provide a practical introduction to the 

literature of acoustics. Two previous books in this series by Carleen 

Hutchins have covered the violin family. In this work, Earle Kent, a 

consulting engineer with long professional experience in musical 

acoustics, has selected twenty-eight technical articles that represent 

the substantial advances in scientific understanding of the piano and 

wind instruments made in the past thirty years. 

The book has three major parts: "Piano Acoustics," "Acoustics of 

Brass Instruments," and "Acoustics of Woodwinds." Each of these 

parts leads off with a tutorial paper reprinted from the Scientific 

American. For those who want an introduction to the subject of the 

acoustics of musical instruments, these introductory papers will pro- <C 

vide a fairly deep understanding without going so far into techni

calities as to discourage those without training in physics. For this 

purpose, however, the interested reader might better obtain the pa- < 

perback book published by the Scientific American {The Physics of ( % 

Music [San Francisco: W. H. Freeman and Co., 1978]), in which these 

three articles appear in their original (and much more legible) two-

color large format. The Scientific American book also includes arti

cles on stringed instruments, voice, architectural acoustics, and the ^ 

p h y s i c s  o f  m u s i c  i n  g e n e r a l .  _ J  U N  

The scientific papers (and one or two patents) comprising the 1 

remaining selections have been grouped together logically into sec

tions. These are preceded by comments by the editor, who briefly 

abstracts the contents, gives biographical data on the authors, and 

sometimes describes the context in which the reported research was 

carried out. N § 

The first set of papers deals with the vibrations of piano strings. ^ ^ 

The fact that the higher modes (or partials) of a freely vibrating string 

are not exact harmonics has long been recognized, but detailed 

information on this phenomenon has been elicited only in the last few 

decades. The influence of this inharmonicitv on the manner in which 

pianos are tuned (Schuck and Young, Kent) will be of much more 

interest to the musician than the mathematical treatments which 

show how the inharmonicitv depends on the characteristics of the 
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strings themselves (Fletcher, Shankland and Coltman). The second 

set of papers concerns the correlation of the subjective "quality" of 

piano tones with physically observable quantities such as the differing 

rates of decay of the various partials, the exactness of tuning of the 

unison string groups, and the structure of the soundboard. Of partic

ular interest is the work of Fletcher, Blackham, and Stratton, who 

synthesized piano tones and tested the ability of listeners to distin

guish them from recorded piano tones. Such studies reveal which 

physical aspects, such as attack times, decay rates of partials, and 

inharmoniciry of partials, give rise to the features one recognizes as 

characteristic of the piano. Similar researches using synthetic string 

and wind instrument tones have been reported in recent society 

meetings. Unfortunately, this volume contains only a very little about 

what the listener hears, perhaps because this is a subject more often 

categorized as psycoacoustics and Kent has chosen to stay very close 

to physical acoustics. 

While the mechanism of excitation in the piano is rather well 

described physically, the same is not true of the wind instruments. 

Qualitative descriptions of the feed-back mechanisms in which a puff 

of air is introduced into the instrument, is reflected from the far end, 

and in turn causes the introduction of another puff of air have been 

hypothesized for over a century. More specific studies are relatively 

recent. Martin's classic observations on lip vibrations in a cornet 

mouthpiece, Backus's paper on the small vibration theory of the 

clarinet, and Coltman's paper on the sounding mechanism of the flute 

and organ pipe are examples that are included in this volume. This 

subject, however, is still in its early stages of development. While the 

basic mechanisms of sustained oscillation in wind instruments seem 

now to be reasonably well established, the very important question of 

tone quality (or harmonic content) is in a relatively primitive state. 

Benade in his introductory paper emphasizes the importance of 

matching the natural vibrational modes of the air column to the 

harmonics that will be produced by nonlinear excitation. Toward 

this end, the editor has included a number of papers discussing how 

these natural modes are affected by the bore of the instrument. (This 

question also bears directly on the question of intonation in the brass 

instruments, whose various notes are selected from among the higher 
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natural modes of a long pipe.) Most of these papers are highly 

mathematical and would be rewarding only to the specialist. Only 

Neville Fletcher's paper on nonlinear interactions in organ flue pipes 

attacks directly the problem of a physical basis for the tone color of a 

wind instrument. The qualitative agreement with observation gives 

encouragement to the approach taken, but it is fair to state that in this 

area musical acousticians are still groping. 

The serious student or professional in musical acoustics, and those 

who wish to pursue the acoustical behavior of instruments in more 

depth of detail than the Scientific American tutorial papers permit, 

will find Kent's volume an up-to-date account of the state of knowl

edge in this field. The book will also serve as a valuable reference 

foundation for future work. 

Jo h n  W. Co l t m a n  

Bernhard Briichle and Kurt Janetzky. Kulturgeschichte des Horp 

EinHildsachbuch / A Pictorial History of the Horn. English text by 

Cecilia t^umann. Tutzing: Hans Schneider, 1976. 303 pp. plus 17 

color and black-and-white plates, dm 160. /  

Although a lot ofN^elightful material is offered in this book, one has 

trouble figuring out vvhat it is really about. Even- the title is an enigma, 

thanks to the many meafrkigs of the wor<yfjorn and the difference 

between the German and English renditions. 

In a lengthy foreword, the authofs-seem to be describing their work 

as a history of the French horn told withinstruments, works of art, 

documents, and quotations. The first parKpf the book, however, 

includes almost every kipd of lip-vibrated anirrTalvhorn, conch shell, 

or pottery instrument known—the horn in its broaciest meaning. By 

the seventeenth century, instruments with fingerholes are excluded, 

and during tbe'eighteenth century those not two-thirds cofrical are 

left out. By the nineteenth century, the scope of the work has har

rowed to the French horn and the post horn. Although the French 

hom survives this thinning to reach its modern form in the final pages, 
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Momentum transfer in jet excitation of flute-like 
instruments 

John W. Coltman 

33)9 Scaihclockt Road Pittsburgh. Pennsylfanio 1523$ 

(Received 6 June 1 *>80. accepted for publication 12 November 1Q80) 

The excitation of flutes and organ pipe1- lakes place partly b\ transfer of jet momentum, and partly b\ 

insertion of a pulsating volume of air into the pipe An experimental determination of thr relative importance 

of these two mechanisms was made b) exciting a symmetrical resonant pipe with a pulsed jet source whose 

direction could be varied The change in response with direction of the jet served to distinguish momentum 

transfer exciution from volume insertion excitation The momentum effects were roughl> of the magnitude 

expected, but the phase of the exciution. and the variation with steady airflo* did not folio* the simple 

theory . Momentum transfer wa.s also demonstrated in a blown pipe 

PACS numbers 43.75.Ef 

INTRODUCTION 

The mechanism by which a jet of air maintains the ac
oustic oscillation of a resonant pipe, as in flutes, organ 
pipes, and similar instruments, has been the subject of 
many papers in the last decade or so, and a fairly com
plete picture has been established. There are, however, 
some details of the interaction which are uncertain. 
Among these is the question of whether the modulated jet 
drives the acoustic mode by introducing a fluctuating vol
ume of air into the pipe at a point somewhat removed 
from the effective open end of the resonant column (Cre-
mer and Ising1), or by transferring the forward momen
tum of its pulsations to the acoustic motion of the vi
brating column (Coltman2). Eider3 proposed a model and 
came to the theoretical conclusion that both of these 
mechanisms were active. The experimental evidence 
is, however, rather inconclusive. Cremer and Ising1 

had to resort to entrainment of additional air by the jet 
in order to explain, using volume displacement only, a 
driving force varying as the square of the jet velocity. 
Coltman4 found that phase relations in both edge tone and 
organ pipe excitation were consistent with the volume 
displacement model, without any evidence of momentum 
transfer effects. Momentum effects in Elder's3 theoret
ical model rest on the assumption that the momentum of 
the jet is transferred instantly into the acoustic mode, 
with no mixing-time delay. It seemed worthwhile, there
fore, to devise an experiment in which the two effects, 
volume displacement and momentum transfer, could be 
distinguished one from another, and their relative mag
nitudes measured. 

I. EXPERIMENTAL ARRANGEMENT 

A distinction between the volume displacement mech
anism and the momentum transfer mechanism is that the 
latter is a vector quantity, and its effects are direction 
dependent. Thus pulses of air injected into a pipe may 
induce different acoustic effects depending on whether 
they are directed up, down, or at right angles to the 
axis of the pipe. In the acoustical modes of interest, 
which are those whose wavelengths are long compared 
to the pipe diameter and whose vibrations are in the ax
ial direction, a reversal of direction of the jet drive 

should occasion a reversal of phase of the excited mode 
if the excitation is through momentum transfer, but no 
such reversal if the excitation is simply from volume 
displacement. 

The first arrangement used, in which this distinction 
is maximized, is shown in Fig. 1. It realizes the situa
tion modeled by Elder,3 in that a jet of constant area is 
modulated in velocity. A long pipe resonator is driven 
at its center by the introduction of a stream of pulsating 
air from a small tube, which can be directed over a wide 
range of angles with respect to the axis of the pipe. The 
small tube, of 3.6G-mm inside diameter, was suppbed 
through flexible tubing with an adjustable steady air flou. 
merging with an acoustic signal from an inverted expo-
nental horn driven by a loudspeaker of nominal 4-in. 
diam. Most of the horn was filled with polyester wool, to 
avoid resonances, and the speaker was enclosed in a 
heavy box, also filled with polyester wool, to reduce 
radiation to the room. This arrangement provided a 
pulsed jet of adjustable frequency, amplitude, and per
centage of modulation. A hot-wire anemometer inserted 
a few millimeters into the end of the small tube was 
used to measure both the steady air velocity and the 
modulation of that velocity in terms of the air flow and 
speaker amplitude settings. 

The pipe, 23.0 mm in diameter and 1500 mm long, was 
driven close to the resonance frequency of its second 
mode, about 227 Hz. In this mode, there is a pressure 
minimum at the center, with the two halves vibrating 
180° out of phase. Volume drive exactly at the center 
gives rise therefore only to a weak oscillation due to 
the residual losses of the pipe, with both halves in 
phase. Momentum excitation is, on the other hand, ef
fectively in series with the pipe, and should Bet the sec
ond mode strongly in motion. The two halves will vibrate 
out of phase, and the phase relative to the phase of the 
driving signal should reverse as the direction of the 
driving jet is reversed. 

A small probe microphone located 73 mm from the end 
of the jet tube was used to monitor the acoustic drive 
signal, and to provide a phase reference. The oscilla
tion in the large pipe was measured with a small cer-
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^,0 microphone connected to a small hole In the wall 
the P^1'- This sampling hole was a quarter wave 

!*ay from the effective open end of the pipe, at a pres-
^rf maximum for the mode being measured. A small 

rre of shaped metal was used to fill in the remaining 
Opening in the wall of the pipe where the Jet tube en
ured. and this area was covered with modeling clay 
ojjee the direction of the jet pipe was fixed so that no 

leaks were present. 

Measurements of the signal at the sampling micro
phone. both amplitude and phase, were made for various 
jet angles, steady flow amplitudes, pulsed flow ampli
tudes and frequencies in the neighborhood of resonance, 
phase differences were determined simply by observing 
the positions of zero crossings on the oscilloscope trace, 
iince the signals were very nearly sinusoidal. 

II. CALCULATIONS OF DRIVING FORCES 

A transmission line analog of the pipe is shown in Fig. 
I. The length L of the transmission line equals the 
length of the pipe plus end corrections taken as 0.6 times 
the tube radius. The distances x t  and x2 of the drive 
point and measuring point, respectively, Include one end 
correction. The line is terminated at each end by a ra
diation resistance taken equal to (vD/2A)2 where D is the 
pipe diameter and \ the wavelength. The velocity of pro
pagation on the line was taken to be 

c= 331 870(1  *  7 /273) l / 2 ( l  -0. 145 /* l /j)mm/s, (1 )  

where T  is the temperature in degrees Celsius and / the 
frequency in hertz. The last bracketed term accounts 
for the change in velocity due to dissipation effects, the 
constant being empirically evaluated for the tube diame
ter (23.0 mm) used. Attenuation on the line was taken to 
be 

a=  3 .139X 10"V l /2cmM. (2 )  

Both this value and the basic value for c were determined 
by careful measurements of the response V, to an off-
center driving current at various frequencies, and ad
justing the constants for best fit to the calculated re-

Horn 

Air Supply MiC 

Mic 

Resonant pipe 

• 

* C Zl- — 2r V for 

Pip . 
• i. Experimental arrangement for the pulsed jet experi-

ent. and the analogous electrical circuit. 

sponsc  The oJ  the  p ipe  in  i t s  second mode u t  227 Hz)  
w a s  4 3 . 9 .  

The characteristic impedance Z 0  is assumed to be 
real. All of the Impedances in the following treatment 
are relative to Z0, and are dimensionless. 

TTie impedance Z H  *  R  +  j X  at the drive point xt  looking 
to the right is obtained by calculating the reflection co
efficient r = (1 -Rr)/( 1 Rr) at the end due to the radia
tion resistance, then moving back toward the generator 
a distance x whereby the reflection vector in the Smith 
chart rotates through an angle 6= 4i*A, and suffers a 
diminution in magnitude by a factor exp(- 2ax). The Im
pedance at the new point is 

( 1  - r 2 ) ( l  +  r 2  -  2 r  c o s 6 )  n )  

* =  ( 1  - r 2 f  +  4 r 2  s i n 2 6 »  '  K t  

2r sinfr(l 4 r2 - 2 cosfl) ... 

fr-T2TT"4r"2~sIr ' 

The impedance to the left, Z  L ,  is similarly calculated, 
b y  u s e  o f  d i s t a n c e  L - x  

The voltage (which corresponds to the acoustic pres
sure) at any point on the line, relative to the incident 
voltage there is 

V = (1 + r2 - 2 r  cosG)1 /2, (5) 

with a phase angle 

r= tan" l[r sink (1 -r cos0)]. (6) 

Between two points, x:  and x,, the incident voltage 
changes in magnitude by exp - a{x l  - x,), and in phase by 
2jj(x, -xJ/A. By these relations, one can calculate the 
voltage (Vj or V2, as the case may be) at the drive point 
xv in magnitude and phase, from the measured voltage 
at a probe point at x,. 

Referring to Fig. 1, the drive is considered to consist 
of a current J inserted into the parallel combination of 
ZR • ZL, and a voltage E inserted in series with these 
two impedances. The voltage £ represents the acoustic 
momentum drive, and will reverse in sign when the 
physical jet drive tube is reversed in direction. Lf is 
the voltage across ZR when the tube is pointing toward 
the right, and V2 the voltage across ZK with the tube 
pointing left (E becomes - E), then from Kirchoff's law 
we find 

£= i(V l-V2)( Z R  +  Z L ) / Z R ,  (7) 

1  =  k i V ,  +  V t ) ( Z M  + Z j / Z j t Z L .  (8) 

III. EXPERIMENTAL CONSIDERATIONS 
The response of the pipe to the volume drive current 

is relatively insensitive to the exact frequency. At res
onance, the acoustic pressure or voltage at the probe 
position (pressure loop) is very nearly ZJ/2, and lags 
the driving current by 89.5°. As the frequency departs 
f r o m  r e s o n a n c e ,  t h e  d r i v e  p r e s s u r e  1 Z R Z L / ( Z R  +  Z L )  
increases, but the amplification by resonance decreas
es, leaving the response nearly constant in magnitude 
and phase. The response to a series voltage (momentum 
drive pressure) varies sharply with frequency, a 1% 
change in frequency near resonance giving a phase shift 
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in probe response relative to the drive voltape of ap
proximately 42 r. Thus it is imperative to know exactly 
where one is with respect to the resonance frequency in 
order to calculate the apparent drive pressure. To ac
complish this, the probe response to an off-center (about 
75 mm) drive with the excitinp tube at right anples was 
measured as a function of frequency, and the values of 
the basic constant in the expression for sound velocity 
Eq. (l)and the empirical value for attenuation a were 
adjusted until the calculations matched the experimental 
values in amplitude and phase. 

It was necessary to measure the temperature of the 
main pipe at each measurement, and use for calculation 
the appropriate sound velocity as in Eq. (1). The rela
tive drive current was measured by the pressure drop 
across the short length (73 4 2.2 mm end correction) of 
drive tube between the drive pressure microphone and 
the end of the tube. The tube is small in diameter and 
has appreciable loss, so that the calculated drive cur
rent lagged the drive pressure by 86c rather than by the 
90° expected if the tube impedance were purely reactive. 
The capillary microphone used to pick up the pressure 
also had a phase lag of 16° relative to the probe micro-
phooe. This drive current phase was also checked di
rectly using ahot-wire anemometer just inside the drive 
tube mouth. 

A displacement of the drive tube from the center of 
symmetry when pointing it first up and then down the 
pipe will give rise to a difference in and V2 that can 
be mistaken for a momentum drive. The geometry of 
the tube, partly protruding into the main pipe at an an
gle of 30c from the axis, is an unsymmetrical acoustical 
situation. An electrolytic model of the geometry near 
the center was made by duplicating the pipe and angled 
drive tube in plastic, terminating the ends of this short 
section of pipe with metal plates and filling the cavity 
with a very dilute sulfuric acid solution. Voltage mea
surements, with ac excitation, showed that the small 
arm was effectively connected to the main pipe at a plane 
about 1.2 mm in front of the center of the drive tube end. 
Attempts were made to pivot the tube about this point 
•when changing from "forward" to "back" position. A 
residual effect was nevertheless observed, but as will 
be discussed later, it could be separated out. 

The drive tube and its connection back to the air supply 
were long enough that the steady air flow reached its 
equilibrium parabolic velocity distribution over the plane 
of the cross section, as was observed by a traverse with 
the hot-wire anemometer. The acoustic pulsation, how
ever, is expected to be essentially uniform over the 
cross section, so the modulation percentage varies over 
the cross section. Inside the tube, the modulation in 
velocity has an observed phase that changes very little 
as the hot wire is moved along the axis. Once outside 
the tube, the modulation phase changes rapidly, showing 
that the pulse no longer travels with the velocity of 
sound. Complex waveforms show up a few millimeters 
outside the mouth. Smoke traces observed stroboscop-
ically show neat little smoke rings forming a centimeter 
or so beyond the mouth, 60 in a relatively short dis
tance, the uniform axial motion of the airstream is con

verted to smoke rinps and then into turbulence. 

The hot-wire instrument had an output signal that w^t, 
a linear function of the absolute velocity of the air past 
the wire, that is, it was insenstitive to the direction of 
the flow. Thus with acoustic excitation only, and no 
steady airflow, the output waveform with the wire in
side the tube showed two positive humps per cycle. As 
the steady airflow was increased, one hump (backward 
flow) diminished and the other increased, until a nearly 
sinusoidal response, superimposed on a dc value, was 
observed. The 100% modulation point was thus readily 
observable. 

IV. MEASUREMENT RESULTS 

Measurements of probe microphone response were 
made for a variety of conditions of flow modulations, 
frequency near resonance, and orientation of the drive 
tube. With attention to the details previously described, 
the volume drive current J and momentum drive voltage 
£ calculated from the response were found to be inde
pendent of the exact frequency used. The drive current 
J calculated by Eq. (8) from the forward and back cases 
was very closely identical to that obtained when the drive 
was at right angles. Moreover, it was independent of the 
magnitude of the steady airflow introduced, and was di
rectly proportional to and in phase with the drive cur
rent inferred from the drive tube microphone and the 
drive tube impedance. Thus the drive current calculated 
from the main pipe response behaved exactly as expect
ed. 

The calculated momentum voltage E showed an inter
esting behavior. It varied widely in magnitude and phase 
with the amount of steady airflow introduced. Moreover, 
it was not zero when the steady airflow was zero. One 
does not expect, at least at low amplitudes, any momen
tum drive when the average flow is zero. Experiments 
and calculations showed that a displacement of the ef
fective entry point from the exact center, as the tube 
was pointed forward and back, could give rise to an ap
parent drive voltage approximately 90c out of phase with 
the drive current. The zero value residue had this 
phase, and rather than trying to move the tube penetra
tion and pivot location to get a zero reading, the residu
al vector was simply subtracted from values obtained at 
finite airflow values. After this was done, the momen
tum voltage at any fixed airflow was found to be directly 
proportional to the drive current, as the alternating 
component was varied with the loudspeaker drive. The 
characteristic quantity then was the ratio of the momen
tum drive voltage to the volume drive current. This 
corresponds to the term having the dimensions of an 
impedance f>cu/S,c = (u/c)Z0 that Schlosser,5 following 

Fletcher6 and Elder,5 adds to the impedance of the moutfc 
to account for momentum effects. Here u is the jet vel
ocity, S, the area of the main pipe, c the velocity of 
sound, and p the density of air. To obtain a quantity 
characteristic of the jet alone, we divide this "momen

tum drive impedance" by Z0 and define the result 
D = E/1Z0 as the dimensionless quantity of interest. 

The experimental results are summarized in Figs- * 
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F1C. 2. Vectors showing the magnitude and phase of the ratio 
D of momentum drive to current drive for four values of steady 
jir velocity as labeled in m/s. Points within each cluster are 
for different values of acoustic particle velocity, as designated 
tc the figure. 

and 3. Figure 2 shows the vector quantities D as 
points in the complex plane. There are four sets of 
points corresponding to four values of steady airflow. 
Each set is comprised of points using different values of 
acoustic drive. The values of drive were such as to give 
peak acoustic particle velocities of 2.5, 3.9, and 4.9 
m s. Thus the percentage modulation ranges from 30% 
to 200^,, i.e., for some points, the acoustic velocity 
exceeds the steady airflow velocity. The results are 
essentially independent of this parameter and the scatter 
is primarily due to the experimental errors, as can be 
observed from the two sets with ostensibly the same 
parameters. Figure 3 plots the magnitudes of these 
rectors as a function of the steady airflow velocity. 

Had the experiment borne out exactly the predictions, 
we would have expected all of the vectors to lie along the 
real axis, and to have a length proportional to the steady 

C< V 
/' . 

> .031-

c .02 

.01 h 

/ 

/ 

0 1 2 3 * 5 6 7 8 9  
Centerline flow v e l o c i t y  -  m / s  

3. Magnitude of the momentum-to-volume drive ratio D 
*£ a function of the steady airflow velocity. Line A is for the 
Jttmple theory using the center line maximum steady velocity, 

£ using the average velocity over the cross section. 

flou velocity. It is evident that neither of thesr condi

tions is met. 

V. DISCUSSION 

Elder's derivation of the momentum effects depends on 
a key assumption; namely that the momentum of the Jet 
is instantaneously and continuously converted into a mo-, 
mentum that can be associated with a longitudinal acous
tic mode of the pipe. It is quite possible that this is 
true. As long as the fluid is incompressible, and en
tirely contained in the pipe, a block of fluid contained 
between two movable, frictionless plugs bounding the 
mixing region should have, at any Instant, a total longi
tudinal momentum equal to that injected into it. The sub
sequent motion of the plugs and the contained mass 
should be independent of any mixing motions going on — 
incompressibility assures that any forward acceleration 
of a small turbulent mass is accompanied by an opposite 
acceleration of an equal mass of fluid that it displaces. 

For the case of the present experiment, we may rep
resent the velocity of the air emerging from the jet tube 
as 

u -  u 0  + u. cosu) t  ,  (9)  

where u0 is the steady flow velocity and ua the amplitude 
of the acoustic flow velocity. The mass of air emerging 
per second is puSj where S; is the jet pipe area, and the 
momentum transfer rate or force, is pu'S,. This force 
acting over a pipe area S, is equivalent to a pressure 
p = pu2Sj/Sp. The acoustic impedance of the pipe is 
ZQ - pc/S, and substituting this we obtain 

p = zy-Sj /c . 

Squaring the expression (9) for u gives 

u2 = u2
0+ 2uji0 cosu;/+ ^(5+ } cos2u>/). 

(10) 

( I D  

The pickup microphone was not responsive to static 
pressure, and was located at a distance from the open 
end where there is a pressure null for the second har
monic cos2*)t, so the only term of importance is the 
second one: 

u2 = 2uj/0 cosu)/ . 

Substituting this value in Eq. (10), and dividing by the 
acoustic driving current cosu>/, we expect the ratio 
of the momentum drive to current drive to be 2u^Zjc% 

from which we would obtain 

D = 2ujc.  (12) 

This expression predicts that the ratio of momentum 
to current drive Is independent of the amplitude of the 
alternating component ut. This was born out by the ex
periment, even for cases where the ac amplitude ex
ceeded the direct flow, that is, during some portions of 
the cycle, the jet pipe was sucking air out of the main 
pipe. The expression requires that the momentum drive 
be in phase with the current drive, and that the ratio In
crease linearly with the steady flow. These two features 
were not borne out by the experiment. Figure 2 shows 
that for low direct flow, the momentum drive is abnor
mally small, and almost 90° out of phase (delayed) with 
respect to the current drive. This phase changes with 
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u0 ,  but even at the highest value* of u, used, was still 
lomt 35* out of pha6f. The magnitude of the ratio as a 

function of u„ is plotted in Fip. 3. Two straipht lines on 
the figure are for expression Eq. (12), line A based on 
the maximum u0  at the jet center, line B based on the 
averape of the flow over the jet tube, and both takinp in

to account the 30c  injection anple from the pipe axis. It 
will be seen that while there are substantial departures 
from either, the experimental values mostly lie within 
the range expected. Thus in this case momentum drive 
certainly exists, is rouphly of the mapnitude expected, 
but shows marked departures in phase and mapnitude at 

low u0  from the simple theory. 

VI. BLOWN PIPE EXPERIMENT 

It is possible to demonstrate the existence of momen
tum drive in a blown pipe by the arranpement shown in 
Fig. 4. Here an aluminum pipe of square cross section 
has a mouth hole cut in the center. An external jet blow
ing across this hole sets the pipe into oscillation in a 
"butt" mode, such that the halves vibrate in opposition 
sharing the mouth hole in common as an open end. The 
pipe was 982 mm long, with a mouth hole "height" of 
9.2 mm in the direction of the jet. It resonated in the 

desired mode at 339 Hz, with a Q of 33.5. The resonance 
frequency of the "slosh" mode, in which the two halves 
vibrate cooperatively with the mouth hole carrying no 
current, was measured in order to calculate the impe
dance of the mouth hole. This was equivalent to a lenpth 
of 13.25 mm of pipe of the same cross section. The jet 
current is "inserted" a bit beyond the far lip (Coltman4) 
and in the equivalent circuit the region of the mouth hole 
is represented by a T section in the analog to permit 
this asymmetry to be taken into account. 

Two probe holes, each one quarter-wave from an open 
end could be used to measure the acoustic pressure in 
each half. When blown, the acoustic pressure measured 
here had a roughly triangular waveform, the Fourier 
analysis giving a second harmonic content of 2.3$, and a 
third harmonic of 8.4%. 

A comparison of the pressures measured at the two 
probe holes showed the one in the direction of the jet 
had a pressure about 11% greater in amplitude, and 
leading in phase by about 5°. Analysis of the voltages 
and currents in the equivalent circuit, at resonance, 
shows that for no momentum voltage E, the two voltages 
should be equal, with a 6.4° phase shift due to the asym
metry of the current excitation point. In order to ac
count for the increase in voltage amplitude, a momen
tum drive voltage of 0.047//o ,  in phase with the current, 
will suffice. The jet blowing velocity u was 1470 cm/s. 
Taking half of this as the mean «0 ,  expression Eq. (11) 
predicts a ratio of 0.043Zo ,  in good agreement with the 
observed effect. 

F1G. 4. Blown pipe and analogous electrical circuit. L' iE 
the equivalent length of the tube with end corrections and 7-
section lengths taken into account. 

VII. CONCLUSION 

It seems clear that momentum effects are, to about 
the extent predicted by Elder, '  indeed present, but not 
in accord with the simple theory. Their magnitude is 
ordinarily not large. It should be pointed out that in the 
ordinary case the pipe current induced by momentum is 
expected to be 90 r  out of phase with that induced by vol
ume drive, since the terminating mouth impedance is 
essentially the inductive reactance of the end correction. 
Thus most of the effect of momentum is a phase shift. 
For example, if the pipe in the last described blowinp 
experiment had been a single ended, ordinary pipe with 
the same mouth hole, calculation using the parameters 
found in the experiment shows that the momentum-in
duced pipe current would have been 25% of the current-
induced value, but being 90 r  out of phase, would contri
bute only 3a to the amplitude, and would shift the phase 
13c .  Because the phase of the resonant pipe response 
relative to that of the jet varies rapidly with jet velocity, 
phase shifts due to momentum effects will, in peneral, 
be difficult to sort out in the practical case, and the 
effects on magnitude are very small. This appears to 
account for the fact that treatments which ignore mo
mentum give a quite satisfactory account of the behavior 
of blown pipes. 

lL. Cremer and H. Ising, "Die Selbsterregten Schwingungen 
von Orgelpfeiffen," Acustica 39, 143-153 (1968). 

*J. W. Coltman, "Sounding Mechanism of the Flute and Organ 
Pipe," J. Acoust. Soc. Am. 44, 983-992 (1968). 

sS. A. Elder, "On the Mechanism of Sound Production in Or
gan Pipes," J. Acoust. Soc. Am. 64, 1554-1564 (1973). 

4J. W. Coltman, "Jet Drive Mechanisms in Edge Tones and 
Organ Pipes," J. Acoust. Soc. Am. 60, 725-733 (1976). 

lE. G. Schlosser, " Tonerzeugung bei Labialpfeifen," Acustic* 

43, 177-187 (1979). 
*N. H. Fletcher, "Jet-drive Mechanism in Organ Pipes," J* 

Acoust. Soc. Am. 60, 481—483 (1976). 
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Herbert W. Myers. The Practical Acoustics of Early Woodwinds. D.M.A. 
dissertation, Stanford University, 1981. Ann Arbor: University Mi
crofilms International, order no. 8109026. 140 pp. 

M. Castellengo, F. Drouin, and P. Sechet. La flute traversiere a une 
clef Bulletin du Groupe d'Acoustique Musicale. University of Paris, 
1978. 58 pp. (Available from Librairie La Flute de Pan, Attn: M. Mon-
ier, 55 Rue de Rome, 75008 Paris). 40 F. 

Both of these works deal with the physical acoustics of early woodwinds, 
a subject very sparsely represented in the literature. Myers, who has 
devoted many years to the study and design of antique wind instru
ments, presents in his thesis a summation of his accumulated knowl
edge of the effects of design variations, and an explication of why the 
instruments were designed as they were. The work deals with the prin
cipal woodwinds of the renaissance and baroque periods, with the ma
jor emphasis on the former. Included are the transverse flute and re
corder, capped and uncapped cane-reed instruments of the renaissance 
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period (such as the shawm, curtal, crumhorn, sordun, and rackett), the 

"lip-reed" cornett and serpent, and the flute, recorder, chalumeau, clar

inet, oboe, and bassoon of the baroque period. 

Rather than taking the conventional approach of discussing each in

strument in turn, Myers has organized the text in sections dealing with 

the principal factors and components responsible for acoustic behav

ior—tone holes, bore shapes, materials, mechanics of keywork, and 

sound generators. The behavior of the various instruments is discussed 

in each of these contexts. This is an excellent arrangement, as it not 

only avoids the duplication encountered when discussing each instru

ment by itself, but also allows a basic understanding of a particular fac

tor and shows how the various instruments may be affected by it. The 

factors of design are presented in terms of cause and effect, much as 

they would have been understood by early makers, although briefly 

stated modern acoustical concepts are used for clarification. 

Unfortunately, Myers's avoidance of quantitative relationships amounts 

almost to a phobia. I believe it is accurate to state that there is not a 

single numerical value, or even a ratio such as "twice as great," in the 

entire text. All of the phenomena are discussed solely in comparative 

terms: larger, smaller, greater, less. For example, the well-known fact 

that enlarging a finger hole raises the pitch is stated, but nowhere is 

there any information as to how much of a change may be expected 

in a given set of circumstances. One wonders if the title "The Practical 

Acoustics of Early Woodwinds" is appropriate in view of the total ab

sence of quantitative information. Perhaps it is "practical" in the limited 

sense that it describes some of the early makers' practices—the under

cutting of tone holes, perturbations of the bore, variations in mouth

piece cup depth, and shaping of reeds. 

The descriptive approach is nevertheless quite successful. The author 

calls attention to a number of acoustical phenomena and interrelation

ships that are usually buried in texts too technical and theoretical for 

many readers. While most of these are properly described and ac

counted for, there are several instances in which the real reasons for 

them are hidden or mistaken. For example, it is stated that a higher 

window (the distance from windway to edge) in a recorder results in 

a louder sound. While this is true, it is not the size of the opening per 

se that is responsible: the increased distance calls for a higher jet ve

locity to keep the same travel time; to achieve this, the player must blow 

harder, making the sound louder. Similarly, the discussion of conical 

bores and the effect of bore angle on the frequency spread of reso-
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nance modes is confused by the failure to state how the reed volume 

is changed while the bore angle is varied. A complete cone of any rea

sonable angle would have upper resonances that are very nearly har

monics of the fundamental or first mode. It is only because the tip of 

the cone has been removed and replaced by a reed and its cavity that 

the modes are inharmonic. Unless it is specified how much of the tip 

was cut off and what it was replaced by, the mode spread is not de

termined. Such confusing interactions always bedevil an empirical ap
proach. 

It is also true that in a good many respects, especially those which 

involve timbre, our present knowledge of the real acoustical mecha

nisms at work is meagre. Here Myers's careful cataloging of relation

ships deduced from observation and experience, as well as from acous

tical principles, provides a useful reference for those who wish to in

quire more deeply into the workings of some of these mechanisms. An 

appendix summarizes the effect of each design variation in a well-or
ganized tabulation. 

* * * 

In sharp contrast to Myers's work, Castellengo's treatise on the one-

keyed baroque flute is replete with measured quantities and the results 

of careful experimental research. There are more than fifty figures 

displaying dimensions of historical instruments, fingerings, sonograms, 

and sounding frequencies. Introductory sections deal with the defini

tion of the instrument, the general mechanisms by which the sound and 

the various notes are produced, the role of the musician, and some 

remarks on the uncertainties encountered by the student of ancient in

struments. There follows a chapter on the predecessor of the baroque 

flute, the simple cylindrical renaissance instrument, amply illustrated 

with drawings and fingering charts from contemporary sources. 

The main body of the work is a complete exposition of the acoustical 

properties of the baroque flute, supplying very impressive data. Cas-

tellengo and his colleagues at the Groupe d'Acoustique Musicale have 

been engaged for many years in experimental studies of wind instru

ments; they have developed some very good techniques and have car

ried out the work with a thoroughness and care that is highly com

mendable. The use of the champ de liberte—the range over which the 

player can vary the frequency of a given note—has given some very 

consistent results by which the intonation of various instruments can 

be characterized in a way that is reasonably independent of the player. 
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Liberal use is made of the sonograph, an instrument capable of dis
playing the intensities of the partials of a given note as a function of 
time. Thus there are quantitative data on the timbre of the instruments 
studied: on how the timbre varies with different fingerings or pertur
bations in the bore, for example, and on the transient changes in emit
ted sound with the attack. 

In addition to the experimental results on the instruments them
selves, there are chapters on the method of playing the flute and on 
the methods of manufacture and materials and tools used. These draw 
extensively on the contemporary literature, supplemented by modem 
knowledge of such matters as the species of wood available. 

The writing style is concise, often using an outline form, so that tin-
facts and conclusions are clearly visible and easy to follow. One could 
not ask for a more definitive, knowledgeable, and complete treatise m. 
this instrument. 

JOHN W. COI I M 



Theobald Boehm and the Scale 
of the Modern Flute 

JOHN W. COLTMAN 

THE FLUTE as we know it today is essentially the instrument cre
ated and introduced by Theobald Boehm in 1847. Prior to the 

introduction of this instrument, Boehm had spent much time studying 
acoustics with Prof. Karl von Schafhautl and making many experiments 
to determine optimal acoustic proportions, including the shape of the 
bore, the size and location of fingerholes, and the geometry of the mouth 
hole. The improvements he made, in combination with key mechanisms 
designed for easy fingering, produced an instrument which has called 
for very little change over the succeeding 135 years. 

During the last decade, it has become more and more widely rec
ognized that flutes in common use have a tendency to be flat for notes 
at the low end of the instrument and sharp for those at the upper end— 
in effect that the spacing of the tone holes is somewhat greater than 
proper intonation calls for. Many flute makers are now producing "new 
scale" instruments in which this spacing has been slightly reduced. It 
has been suggested that this effect was a result of a change in standard 
pitch from A-435 to A-440, occurring in the early part of the twen
tieth century, and that many flute makers changed the instrument merely 
by cutting off the head joint, leaving a body that was too long. In fact, 
however, it is easy to show that Boehm's own design methods, and the 
actual instruments he produced, suffer from this same fault, which has 
persisted to some extent in the design of the instrument over the entire 
period. It is the purpose of this article to trace the evolution of Boehm's 
flute design with respect to the location of the tone holes, and to show 
how this has changed with time. 

The placement of the holes in the body of the flute in order to pro
duce a proper scale is analogous to the placing of the frets on a guitar. 
The latter problem has a straightforward solution—the octave of the 
open-string note is produced when the string is shortened to one-half 
its length, and the frets for intervening notes are placed so that each 
successive fret shortens the string by a factor of one divided by the 
twelfth root of two. The problem for the flute is not so simple. We may 
liken it to the imaginary problem of designing a guitar whose string is 

89 
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not uniform in mass along its length: not only does it taper at one end, 

but it is "lumpy" in addition. Then our hypothetical guitar designer is 

faced with a bridge position that varies during the performance. He 

also finds that his fret does not stop the string vibration suddenly, but 

that some of the vibration persists beyond the finger to the next fret. 

And finally, he must play notes in the higher range, lumpy string not

withstanding, by using "harmonics," with the string vibrating in seg

ments. 
In spite of these additional variables on the flute (which have their 

origins, respectively, in the nonuniform temperature of the air column, 

the cavities formed by the closed keys, the changing coverage of the 

mouth hole by the performer's lips, and a finger hole that opens to the 

side but does not cut off the rest of the bore), the concept of a set of 

hole positions corresponding to the ends of equivalent string lengths is 

a reasonably valid starting point. One must, however, determine (usu

ally empirically) equivalent points from which to measure the length, 

at both the mouth-hole end and the finger-hole end of the air column. 

It is the determination of this "basic length," and of the end corrections 

to be applied, that largely distinguishes one design technique from an

other. 

Boehm published his findings extensively. He was anxious that others 

would understand not only the results of his work, but also the methods 

by which he approached the problem. His first major publication1 de

scribed in considerable detail his work on conical flutes as well as the 

Boehm cylinder flute. In 1862 he sent to the World's Exposition in 

London a description of his "schema," a geometrical construction by 

means of which a maker could readily derive the positions of the holes 

for flutes designed to different pitches. In 1867 the schema was again 

submitted to a World's Exposition in Paris, this time with somewhat 

altered dimensions. An extensive description of this was published in 

1868." In 1871 Boehm published his well-known book Die Flote und das 

Flotenspiel/ in which he reviewed selected portions of the 1847, 1862, 

1. Theobald Boehm, Uber den Flotenbau und die neuesten Verbesserungen desselben (Mainz, 
1847; reprint ed., Buren: Frits Knuf, 1981). 

2. Theobald Boehm, "Uber die Bestimmung der Tonlocherstellung auf Blasinstru-
menten in beliebig verschiedenen Stimmungen," Kunst- und Gewerbeblatt des Polytechnischen 
Vereins fur das Konigreich Bayem (Munich, 1868), cols. 579-86. 

3. Theobald Boehm, Die Flote und das Flotenspiel in akustischer, technischer und artistischer 
Beziehung (Munich, 1871), trans. Dayton C. Miller, The Flute and Flute-Playing in Acoustical, 
Technical, and Artistic Aspects (2d ed. rev., 1922; reprint ed., New York: Dover Publications, 
1964). 
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and 1868 works. The schema included in this work is the 1867 version. 
Besides the published works, there exist today many instruments of 

Boehm's manufacture which are available for measurement. The Day
ton C. Miller Flute Collection at the Library of Congress in Washington, 
D.C., contains thirty-nine specimens of Boehm or Boehm and Mendler 
manufacture. Also preserved there are measurements made by Miller 
of Boehm flutes not in his collection, so that altogether there is a seem
ingly rich source to explore for understanding the changes which took 
place in specification of the flute dimensions. 

Unfortunately, the search is considerably hampered by the paucity 
of information on the intended pitch of the instruments, and by a sur
prising vagueness in much of Boehm's work as to just what pitch he 
was working to at a given time. A transcription of Boehm's record book 
of the manufacture and distribution of all his cylinder flutes, from no. 
1 in 1847 to April, 1879, briefly describes each flute, but does not give 
the design pitch of any instrument. A search of Boehm's correspon
dence kindly made for me by his great-great-grandson, Ludwig Bohm,4 

finds nothing but a few offers to supply flutes of the "new Paris pitch." 
The pitches given by Miller for instruments in his collection are evi
dently his own estimates, and they leave a somewhat tenuous connec
tion between what Boehm prescribed (which changed with time) and 
what he actually intended to do in the manufacture of a particular in
strument. 

Boehm's Principles for Determining Fingerhole Location 

In his earliest experiments with the cylinder flute, Boehm deter
mined an optimal internal diameter (19 mm) for the cylindrical portion 
of the tube, a taper for the head joint, and dimensions of the embou
chure hole and stopper cavity. These were chosen to give the best tonal 
response and to maintain a good approximation of an octave on over
blowing to attain the second register. The dimensions of these param
eters are, from all subsequent experience, so close to providing the best 
compromise that we find very little departure from them even today. 
Boehm kept them essentially fixed for almost all of his C flutes. While 
some makers have varied the taper of the head joint, most of the head-
joint tapers used today differ from Boehm's to a degree that is insig
nificant in determining the intonation properties of the instrument. 

4. Personal letter from Ludwig Bohm, Munich, November 13, 1982. 
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Boehm's experiments with simple tubes showed that the length re

quired for a tube open at both ends to resonate, say at low c', was some
what longer than that for the flute, a difference which Boehm properly 
ascribed to the taper, the geometry around the mouth hole, and the 
effect of blowing. Moreover, a simple tube cut in half did not resonate 
exactly one octave higher. Here, Boehm, following Schafhautl, men
tions the change in diameter-to-length ratio as a cause. Today we would 
more exactly ascribe the cause to an end correction; the effective end 
of the tube lies at a point about 0.3 of its diameter beyond the physical 
end. This concept of an end correction, either for the simple tube or 
the more complex mouth-hole geometry, was not well understood in 
Boehm's day. It was clear to Boehm, however, that he could not take 
the simple physical length of the flute and treat it like the guitar string. 
The problem was to find its "basic length," that is, the length it would 
have if one could define its ends as simply as those of a string, and to 

fix a point from which to measure all the tone-hole centers so that the 
low c' hole was twice the distance from this point as the hole which 
produced the c" an octave above. (This statement refers to a c' hole in 
a flute going to low b, to avoid the complication, of which Boehm was 
quite aware, of the different effect of a tone hold from a cut-off end.) 

Figure 1 shows these essential parameters. The use of the cork as 
representing the end of the actual flute has no acoustical justification, 
though Boehm attempted in his early publication to assign one. Since 
it is standardly placed 17 mm from the center of the mouth hole, it will 
do as well as any for a reference point. 

Once having decided to place the tone-hole centers at their theoret-

Basic length 2n/|2 
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Figure 1. Schematic arrangement of the major tone holes of the flute, as in 
Boehm's string model. Distances are measured from a reference point lying 
beyond the cork by the amount of the total end correction. 
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ical "string length" distances, Boehm's design problem became one of 
making a determination of the basic length, and of the distance to a 
reference point beyond the cork, which we will call the "total end cor
rection." We lump the end corrections for both ends of the flute into 

this quantity, as Boehm did. 
The "stretched scale" of many flutes is largely a result of using too 

long a basic length, and the present article centers its attention on what 
Boehm prescribed for a basic length and how he arrived at the pre
scription. 

It must not be assumed that merely by getting these two parameters 
right, the flute would be perfectly tuned. T here are several variables 
which are not encompassed by these concepts.' The total end correction 
is in fact not constant as the frequency changes, though Boehm's in
vention of the tapered head goes a long way to making it approach a 
constant in spite of the necessary change in lip coverage of the mouth 
hold with frequency. There is a nonuniform distribution of tempera
ture, and therefore sound velocity, along the tube. The cavities formed 
by the tone holes when they are closed alter the effective length of the 
tube, but not in the same way in the second octave as in the first. And 
especially in the third octave, the effects of the tube beyond the first 
open hole and the effects of vent holes come strongly into play. 

Finally, the influence of the player on the pitch of a given note is 
profound. Not only do different players vary widely in the average fre
quency they produce on a given note, but a single player exhibits a 
variation in frequencies for different trials.h The standard deviation for 
a single player in several trials is about 6 cents; the standard deviation 
among flutists is 11 cents, giving a combined value of about 12.5 cents, 
or one-eighth of a semitone. The meaning of this standard deviation 
is that one may expect, on any single trial with a randomly picked flut
ist, to obtain in one-third of the cases a deviation in pitch more than 
12.5 cents flat or sharp. The variability due to the player is one of the 
major difficulties that Boehm faced in the experiments he made—dif
ficulties which were aggravated by the lack of any rapid quantitative 
means of measuring frequencies. 

5. John W. Coltman, "Resonance and Sounding Frequencies of the Flute," Journal of 
the Acoustical Society of America 40, no. 1 (1966): 99-107. 

6. John W. Coltman, "Fifty Flutists Play One Flute," Woodwind World 15, no. 2 (March, 
1976): 31-33, 40. 
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Boehm's Uber den Flotenbau, 1847 

Quite shortly after the introduction of the cylinder flute, Boehm pub
lished his extensive treatise of 1847.' In it he describes in detail his 
conical flute of 1832, the cylinder flute of 1847, and the methods he 
used to determine their important dimensions. We will extract from 
this the key information that bears directly on the question of tone-hole 
placement and the essential steps that Boehm took in his approach to 
flute design, with comments in the light of present-day knowledge. 
(References to page numbers cite the original publication.) 

Boehm does not specifically state what standard pitch he is designing 
to when he gives the dimensions of his flutes. However, he mentions 
(p. 39) that the Berlin orchestra tuning fork is at A—441.6 and that of 
the Vienna orchestra is at A-440.9, and he gives a table (p. 41) of vi
bration numbers based on A-440. We thus assume that the dimensions 
he gives in his work are for flutes close to A-440. The tapered head 
and the new mouth-hole dimensions were apparently used in all the 
intonation experiments described (p. 49). 

Boehm finds experimentally (p. 49) that a cylindrical tube affixed to 
his headjoint, with a total length of 606 mm from cork to open end, 
produces c'. If we assume that this is an A-440 scale, the frequency 
would be 261.6 Hz. (In another discussion [p. 38] not involving a flute, 
Boehm mentions c' as 260 Hz.) Apparently the tube described is simply 
that, namely a smooth tube with no fingerholes or cavities. Had this 
experiment been done today, we could calculate from our experience 
with modern flutists,8 making corrections for the tone-hole cavities, that 
a smooth-tube flute of 623 mm, cork to open end, would be required 
to produce middle c' of an A-440 scale. This is 17 mm longer than 
Boehm's value of 606 mm. There is no mistaking that he indeed meant 
to say cork-to-end distance, since on page 51 he takes a mouth-hole-to-
end distance of 589 mm. It is unlikely that this discrepancy arises from 
our assumption that he was working to A-440, as this would imply an 
A-452 pitch, well beyond any pitches mentioned in the text. There is 
a good possibility that the discrepancy results simply from a difference 
in playing style—that Boehm used a closer lip-to-edge distance and cov
ered more of the mouth hole than is commonly done today. 

Boehm assumes now a "theoretically correct" distance of the cork from 

7. Uber den Flotenbau (see n. 1, above). 

8. Coltman, "Fifty Flutists." 



THEOBALD BOEHM AND THE SCALE OF THE MODERN FLUTE 95 

the mouth-hole center of 23.5 mm without specifying whence this value 
comes. In locating the apparent end of the flute, he uses double this 
distance, on the grounds that a stopped pipe is only half as long as an 
open pipe for the same resonance frequency (p. 44). While the last 
statement is true at the resonance frequency, a stopped pipe at other 
frequencies does not behave at all like an open pipe of twice the length. 
Nevertheless, the value of 47 mm which results is not far from correct. 
Adding this value to the distance of 589 mm from the mouth hole to 
the end, Boehm gets 636 mm as the ideal air column length for c', 
which can be shortened in accordance with the rule for equal-tempered 
string lengths to get lengths for other notes. In particular, the column 
length for c" is half of this, or 318 mm. To get the lengths of the tubes 
measured from the cork, Boehm subtracts 23.5 mm, and then, pointing 
out that his practical cork distance from the mouth hole is actually 17 
mm rather than 23.5 mm, he subtracts another 6.5 mm (p. 51). Thus 
the cord-to-tube-end distances become 318 — 23.5 — 6.5 = 288 mm 
for c", and 636 — 23.5 — 6.5 = 606 mm for c'. The "basic length" is 
636 mm, and the total end correction is 30 mm (see fig. 1). Boehm 
constructed a flute tube with twelve extensions to test the proportions 
dictated by this calculation, and he seems to have been quite satisfied 
with the results. 

Having now determined how a tube should be cut off to produce the 
desired scale, Boehm moves to the question of how a side hole behaves, 
relative to the behavior of a cut-off end. He is quite explicit about a 
complication that always enters: "for these reasons the tuning of the 
notes depends not only on the length of the air column alone, but also 
at the same time on the size of the tone holes, as well as the size and 
location of the neighboring holes lying below" (p. 53). He proceeds to 
compare, by experiment, the result of boring a hole in the side to pro
duce C sharp, with the calculated shortening of the tube prescribed in 
the paragraph above. He does this for holes 12 mm in diameter, with 
different wall heights, and apparently for several different notes. No 
mention is made of a key, though the C-sharp hole always has one. His 
results are very surprising in the light of present knowledge. He finds 
(p. 54) for a hole of 12 mm diameter with 1 mm minimum chimney 
height, in a 19 mm tube, that the hole for C sharp must be placed 5.8 
mm closer to the mouth hole than the end of a tube which would pro
duce the same C sharp. We know now, with good precision, that this 
number should be 9.9 mm, rather than 5.8 mm, for a hole of this size. 
Now Boehm goes on to state (p. 55) that the displacement required 
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increases with each new section, so that for d' it is stated to be 6.6 mm, 
and at the octave c" the required displacement is stated to be 12.5 mm. 
It is completely mysterious what led Boehm to this conclusion. In fact, 
the displacement required depends only on the effective acoustic length 
of tube remaining below the open hole. If we assume that for each note, 
the effective remaining tube is such as to lower the pitch one semitone 
on closing the hole—which is the case in the flute and presumably in 
the experiments which Boehm made—then the required displacement 
decreases for higher notes, attaining the value of 7.7 mm at c". Thus, 
what Boehm found as a stretching of the distance between c' and c" 
holes (compared to a simple cutting-off of the tube) of 12.5 - 5.0 (for 
c') = 7.5 mm should, in fact, be a shrinking of 7.7 - 10.0 = -2.4 mm. 
The error introduced by this process is close to 10 mm. 

Boehm proceeds to apply these (erroneous) corrective displacements 
of —5.0 and —12.5 mm to the positions for c' and c" to get 601 and 
275.5 mm, respectively, for the distances from the cork to the center 
of the c' and c" holes. The 325.5 mm between these must, Boehm rea
sons, be one-half of a new basic length of 651 mm. Since the c' hole is 
601 mm from the cork, the reference point must lie 50 mm beyond 
the cork. He now has, for a flute of unspecified pitch with 12 mm fin
ger holes (no keys), a basic length of 651 mm and a total end correction 
of 50 mm. The large change in the total end correction results from 
including both end corrections in this value, the end correction for a 
side hole being much larger than that for a cut-off end. The frequen
cies referred to in the publication make it likely that Boehm's working 
pitch was somewhere around A-440. The corrections that Boehm ap
plied for a side hole, however arrived at, contribute to the "stretch" in 
the basic length. 

Boehm's "Schema" of 1862 

Much has been written about Boehm's "schema," a geometrical dia
gram which provided a way to find the positions of the tone holes for 
a flute of any desired pitch. While the construction of the schema is 
cleverly thought out, and it was probably easier to use than making 
numerical calculations, it was simply a graphical expression of the prin
ciples that Boehm had already set forth in his 1847 publication. Its es
sential parameters are the total end correction, which Boehm consid
ered unvarying with frequency, and a basic length which he specified 
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at one frequency and changed inversely with frequency for different 

pitches. 
The schema was first made public in a submission to the London 

International Exhibition in 1862some fifteen years after the publi

cation of Uber den Flotenbau. In 1859 the French had established their 

standard pitch of A-435, somewhat lower than what was generally in 

use in the rest of Europe, and Boehm's submission was intended to 

make it convenient for instrument makers to redesign their instruments 

to this pitch, or any other that was desired. Diagrams were presented 

for the flute, oboe, and clarinet, though the flute was used as an ex

ample to explain the construction. 

In the explanation which accompanied the submission, Boehm en

gages in a preliminary illustrative discussion of the principles in which 

he states: "If now, for example, in order to produce c' at the new Paris 

tuning, a cylindrical flute tube of 20 mm diameter, open on both ends, 

and 630 mm long is required, then. . . ." lu This is one of the very few 

places where Boehm states exactly all the parameters involved. We can 

calculate with precision, from modern measurements, that a tube of 20 

mm diameter, open on both ends and resonating at 258.7 Hz (c' for 

A-435) at 70°F., must be close to 651 mm long. This large discrepancy 

emphasizes the problems in tracing Boehm's development of his method. 

This particular discrepancy does not, however, enter into the calcula

tions described immediately below. 

As a starting point, Boehm uses the dimensions of "my flute," which 

he says is built to Munich orchestra pitch, without stating what that 

pitch was. The dimensions listed are identical with those prescribed in 

the 1847 publication, using a basic length of 651 mm and a total end 

correction of 50 mm. He then states that it is necessary to withdraw his 

headjoint very nearly 8 mm to play a' at 435 Hz, the new Paris stan

dard. Adding the 50 mm total end correction to each distance gives a 

ratio of new-to-old column lengths for a' of 395/387.1. In effect he 

applies this ratio to his old basic length of 651 mm to get a basic length 

for A-435 of 664.3 mm. He leaves the total end correction at 50 mm. 

His schema of 1862 is based on these numbers, for A-435. 

9. Theobald Boehm, "Schema zur Bestimmung der Locherstellung auf Blasinstru-
menten," submitted to the London International Exhibition of 1862. The submission and 
the juror's report are in the collection of Karl Ventzke, Diiren, Germany. A typed tran
scription was published by Ludwig Bohm, Munich, 1981. 

10. My translation from Ludwig Bohm's transcription of Theobald Boehm's "Schema," 
p. 10 (see n. 9, above). 
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We can work this process backward and infer a pitch for "my flute." 
This turns out to be very nearly A—444, which is presumably the Mun
ich orchestra pitch referred to. However, the evidence in the 1847 pub
lication suggests that Boehm's work some fifteen years previously was 
carried out at a pitch close to A-441. 

The dimensions discussed in Boehm's 1862 explanation offer the only 
opportunity for a direct comparison of his experience and modern ex
perience. Boehm is explicit in stating that he had to withdraw "my flute" 
8 mm in order to sound A-435, and we know that the distance from 
the cork to the A hole is then 345 mm. From the mouth hole, this is 
328 mm. Such a flute, played with today's technique, would sound an 
a' close to 442 Hz, not 435 Hz. We know this not only from direct 
experiment,11 but also from the design of modern flutes, which use a 
distance close to 330 mm for A-440. The evidence here is strong that 
Boehm's playing technique favored a lip position covering more of the 
mouth hole than modern flutists use. 

Boehm's "Schema" of 1867 

Five years after the London Exposition, Boehm submitted his schema 
to the World's Exposition in Paris. This diagram is slightly modified 
from that of five years earlier. It uses a total end correction of 51.5 mm 
and a basic length of 670 mm (A-435) in comparison to the earlier 
values of 50 mm and 664.3 mm, respectively. The text and explanation 
of the diagram were published in Munich in 1868.12 

Here Boehm is more explicit about his basic length. He says, "as a 
unit of calculation for the longitudinal measurements, I have taken a 
cylinder open at both ends, 670 mm in length, and giving the note C1 

= 517.3 vibrations of the French normal pitch."13 (In the notation used 
in this article we would say c' = 258.65 Hz.) Note how different this is 
from the quotation from the 1862 explanation which called for a 630 
mm tube. Perhaps there is a confusion here between a real cylinder 
open at both ends and a half-wavelength in the tube, the difference 
being that the real cylinder is effectively longer by the two end correc
tions of 5.8 mm each. He goes on to discuss the flattening influence of 

11. Coltman, "Fifty Flutists." 
12. (See n. 2, above.) An English translation by W. S. Broadwood was included in his 

An Essay on the Construction of Flutes (London: Rudall, Carte and Co., 1882), pp. 62—69. 
13. Broadwood, An Essay, p. 64. 
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the cork and embouchure (total end correction), assigning to it a value 
of 51.5 mm. He then states that the length for the octave must be as
certained either by calculation or by shortening the tube, following which 
it can be doubled to get the air column which corresponds to the string 
of a monochord. He then describes the diagram and its use in detail, 
but provides no justification for the choice of these particular basic pa
rameters. 

Boehm's Die Flote und das Flotenspiel, 1871 

In his final treatise on the flute, Boehm reviews extensively much of 
his earlier work. When he comes to hole placement, he goes directly to 
the two basic parameters: "It will be found that the actual length of the 
air column (and therefore also of the flute tube) from the center of a 
C3[c'] hole bored in the side of a long flute tube to the face of the cork 
is 618.5 mm, and that the length of the first octave from the center of 
the hole for C3[c'] to the center of the hole for C4[c"] is 335 mm; thus 
the upper portion is 51.5 mm shorter than the lower, and this quantity 
(51.5 mm) must be taken into consideration in calculation. By doubling 
the length of the octave, one obtains as the theoretical air column the 
length of 670 mm."14 The accompanying table of frequencies and lengths 
makes it certain that he is working now at A-435. 

It is not clear whether Boehm actually made this experiment to find 
the values, or whether the use of the phrase "it will be found" implies 
that he is only using this description as a straightforward way to make 
the situation clear, and that he is depending on his experience with 
actual flutes to supply the numerical values. In making such an exper
iment, one would have to decide what to put below the hole. Just any 
length of tube certainly will not do. In particular, to bore the c' hole 
to get the first value, and then to bore a c" hole about half-way up the 
tube would be particularly nonsensical; the latter would only act as a 
vent for the second mode, a fact of which Boehm was certainly aware. 
The process makes sense for flute design only if the amount of tube 
below the hole is such as to lower the pitch one semitone on closing the 
hole. 

Using the results from our experience with a large number of flu-

14. Boehm, Die Flote und das Flotenspiel, trans. Miller, The Flute and Flute-Playing, p. 34 
(see n. 3, above). 
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tists,10 together with modern methods of calculation,16 we can estimate 
what such an experiment would yield if performed as Boehm describes 
it, adding the assumption made in the paragraph above. We find that 
if the experiment were performed with a smooth tube, a distance from 
cork to hole of 618.3 mm would be required to produce c' on an A-
435 scale, essentially identical to the value prescribed by Boehm. For 
c", however, the calculated value is 288.1 mm, some 4.6 mm longer than 
Boehm's value. The corresponding basic length becomes 660.4 mm, with 
a total end correction of 42.1 mm. If a real flute were used, in which 
the cavities under closed keys come into play, a basic length of 650.6 
mm and a total end correction of 37.2 mm would result. These cal
culations assume a note hole of 13.2 mm diameter, provided with a key 
having a 3 mm rise. 

Thus, Boehm's prescription differs rather considerably from what 
present-day experience would dictate. In the subsequent portion of this 
article we will address the questions of how Boehm applied his pre
scription, what actual behavior his flutes exhibit, and how later flutes 
by other manufacturers depart from the design parameters put forth 
by Boehm. 

Basic Parameters of Specimens of Boehm's Flutes 

One of the difficulties in comparing Boehm's flutes with Boehm's 
prescription lies in the fact that the flutes exhibit quite a variety of tone-
hole sizes. It is obvious that if one changes the size of a note hole (or 
the rise of the key or the height of the rim), it will change the pitch of 
the note, and if one wishes to compensate for the change, its position 
must be moved. Boehm says, "The tone holes must therefore be placed 
nearer the mouth hole, the smaller their diameter and the higher their 
sides,"1' but he does not say what rule he followed. In the first two 
descriptions, he puts forth his schema as a means of determining the 
proper positions for the centers of the tone holes, without specifying 
the size of the holes. In his last description, he says he used 13.0 mm 
holes for wooden flutes and 13.5 mm holes for silver flutes. Actual 
specimens show frequent deviations from this, and Miller quotes a let-

15. Coltman, "Fifty Flutists." 
16. John W. Coltman, "Acoustic Analysis of the Boehm Flute," Journal of the Acoustical 

Society of America 65 (1979): 499-506. 
17. Boehm, Die Flote und das Flotenspiel, trans. Miller, The Flute and Flute-Playing, p. 26. 
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FIGURE 2. Expanded coordinate system. Illustrated are hole positions for: 
1. An A—435 flute according to Boehm's 1867 schema 
2. An A—440 flute according to Boehm's 1867 schema 
3. Modern "new scale" A-440 flute with hole positions adjusted to compen

sate for varying hole diameter. 

ter from Boehm in which Boehm says that for six years (sometime prior 

to 1862) he made all his silver flutes with graduated tone holes, varying 

from 12 mm for c" to 15 mm for c'.llS Nowhere does he mention how 

the center of the hole should be moved to compensate. 

In comparing Boehm's flutes, I have found it convenient to use a 

special set of coordinates (fig. 2) on which one can plot directly the 

distance of each note-hole center from that of the A hole, which is taken 

as a reference point. The coordinates are chosen in such a manner that 

the dimensions for any flute constructed in strict accordance with Boehm's 

schema will give a plot which is a straight line passing through the A 

coordinate, with a slope that depends on the basic length as defined in 

figure 1. The total end correction does not appear in this diagram— 

its apparent value may be found by measuring the distance from the 

cork to the A hole and combining this suitably with the basic length. 

The diagram greatly expands the scale of the schema, so that depar-

18. Ibid., p. 28. 
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FIGURE 3. Expanded plot for a Boehm and Mendler flute having constant tone-
hole size of 13.2 mm. 

tures of a fraction of a millimeter are quite evident. A scale at the right-
hand side gives the basic length for any straight line passing through 

the zero point at the A hole. In this figure points are plotted for two 
of Boehm's designs, as well as for a modern "reference flute," described 
below. 

An example of a real flute is given in figure 3. This is a plot for 
specimen no. 134 in the Dayton C. Miller Collection, made by Boehm 
and Mendler (1862-81) and played in Buffalo Bill's Wild West show. 
All of the major tone holes are 13.2 mm in diameter. On the plot, the 
points are connected by lines to aid in visualizing the departures. 

It will be seen that with the exception of the F-sharp and C holes, 
the points lie within less than a millimeter of a straight line. The ex
ceptions are easy to explain. Miller notes that the F sharp, when played 
with the Fingering Boehm devised, has one closed hole below the open 
F-sharp hole, which flattens this note. The F-sharp hole was accordingly 
moved about 1.2 mm up the tube, which implies in this case a normal 
position given by the point marked with X. Such a correction is appro
priate if F sharp were played with the middle finger; it is too large for 
the usual third-finger fingering, and most flutes today use a smaller 
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correction. The 1.2 mm is typical of specimens of Boehm and Mendler 

manufacture. The point for c' is the location of the end of the flute, 

not the center of a C hole. As mentioned above, Boehm states that the 

displacement required (for a 12 mm hole) is 5 mm, and if we make this 

correction, we get a point close to the dashed line. But, in fact, as dis

cussed above, a 5 mm displacement is incorrect. It should be, for a 13.2 

mm hole with key, about 12.5 mm. The interval between c' and c' sharp 

on Boehm's C-foot flutes is consequently always less than a semitone. 

One can estimate the basic length to which this flute was designed 

by drawing a "best line" through the points. A line parallel to this, drawn 

through the zero at A, will indicate the basic length on the scale at the 

right. For this flute, we get a value of 661 mm. This corresponds to an 

A-441 design according to the 1868 schema. The distance from the 

cork to the A hole, allowing 3 mm withdrawal, is 346.5 mm, from which 

we derive a total end correction of 46.5 mm, about 5 mm short of the 

51.5 mm that Boehm specifies. Playing tests on this instrument (de

scribed below) give a tuning a' of 440 Hz, though the scale is distorted. 

It is a reasonable assumption that this is a flute Boehm designed ac

cording to his 1868 schema for a pitch close to A—440, though the total 

end correction is a bit short. 

Figure 4 shows plots for two flutes where the results are not so 

straightforward. The one with the solid line is for an early flute (Th. 

Boehm no. 21, 1848; Miller no. 653) having graduated tone holes. The 

estimated basic length for this instrument is 657 mm, with a total end 

correction of 52 mm. 

If we compare this flute with the dimensions prescribed in the pub

lication of 1847, we find that the cork-to-center distance for the upper 

C hole is essentially unchanged, while the distance to the other holes 

increases, more or less uniformly, to about 3 mm more at the lower 

end. One could ascribe this to a flute body designed for a lower pitch, 

but it is more likely that this stretching results from Boehm's correction 

for a variable hole size—larger holes being moved farther down the 

tube. Boehm's publications do not mention flutes designed to different 

pitches until 1862, where he refers to "my flute" as having only one 

pitch design. 

We see a correction for hole size being applied in the other flute in 

figure 4, the "Macauley" flute, built in 1877 (Miller no. 160). The tone 

holes on the body are 13.2 mm in diameter, and those on the foot joint 

(D sharp to C) are 14.6 mm. The diagram clearly shows that these last 

four points have been moved down the tube from the line that the 
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FIGURE 4. Expanded plots for two Boehm flutes. 

schema would dictate in order to compensate for their larger diameter. 
The amount of movement varies from about 1.0 to 1.5 mm. The plot 
also shows a 1.5 mm displacement of the A hole. The reason for this 
becomes clear when the G-sharp mechanism is examined. Macauley ev
idently wanted a closed G sharp; to accomplish this, Boehm did not 
add a side hole as in the usual flute today, but left the G-sharp key 
normally closed, with a mechanism to lift it when the G-sharp lever was 
depressed. Thus, the A would be played with the hole below it closed. 
To overcome the flattening effect, Boehm evidently moved the A hole 
1.5 mm up the tube. 

Taking these departures into account, the "best line" (shown dashed 
in fig. 4) yields a basic length of 651 mm. If we assume that Boehm's 
1868 schema was used, this corresponds to an A-448 flute design. The 
total end correction is 51.2 mm, almost exactly the 51.5 mm that Boehm 
specifies. Playing tests on this flute agree quite well with the A-448 for 
notes near the tuning note, though the a' itself is somewhat flat. Cal
culations using modern techniques indicate that in order to compensate 
for the closed G sharp, the A hole should have been moved 3.7 mm, 
rather than 1.5 mm. Similarly, we find that for the change in hole size 
on the foot keys, a movement of 3 mm would be needed rather than 
the 1.0 to 1.5 mm that Boehm used. 
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FIGURE 5. Observed deviations from the equal-tempered scale of two Boehm 
and Mendler flutes. (A semitone is 100 cents.) 

Plots like these have been made for several specimens of Boehm's 
instruments. We conclude from them that Boehm used his schema, at 
least in later years, as a starting point for the design, but moved the 
holes (by modest amounts) to compensate for diameter changes. He 
does not appear to have made a distinction between holes with keys 
and holes without keys, as found in his earliest models, though properly 
such a correction should be 2.5 to 3 mm in position. The irregularities 
in the plots and the lack of definite knowledge of the design pitch for 
a particular instrument prevented derivation of the rules that Boehm 
used for compensating for hole size, something that he clearly did. Aside 
from mentioning its necessity, he is silent on the subject. 

Intonation Characteristics 

So far, we have tried to establish what it was that Boehm intended 
to do and the methods he employed to carry out these intentions. We 
turn now to what he actually produced, and compare it with later de
velopments in the instruments. 

The actual intonation characteristics of two of Boehm's flutes, the 
"Wild West" and the "Macauley," are shown in figure 5.19 The graph 

19. John W. Coltman, "The Intonation of Antique and Modern Flutes," The Instru

mentalist 29, no. 5 (December, 1974): 53-55; vol. 29, no. 6 (January, 1975): 43-47; vol. 
29, no. 7 (February, 1975): 47-52; and vol. 29, no. 8 (March, 1975): 77-80. 
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clearly displays the distorted scale of the first register, flat in the lower 
notes and sharp in the upper ones, that results from using a basic length 
and a total end correction that are too long. To make comparisons of 
instruments by playing them requires an enormous number of readings 
with many players and is still subject to many uncertainties. The dif
ferences can be more certainly established by mechanical measurement 
of the essential parameters. We therefore make a comparison of the 
center positions of the tone holes of various instruments after their po
sitions have been corrected, using modern methods, to a standard hole 
size. This hole size was chosen to be 13.2 mm; more accurately an "ef
fective height""11 of 27.5 mm was used as a standard, and the actual 
hole correction took into account the height of the rim, size of the key 
cover, rise, etc. Our reference flute, to which all others will be com
pared, is an average of several "new scale" A—440 instruments of recent 
American, English, and Japanese manufacture, which do not in fact 
differ greatly. The relative hole positions for this reference flute are 
plotted on the "schema" diagram as curve 3 in figure 2, where it will 
be seen that they follow a gently curved, rather than straight, line. Us
ing these center positions, measured from the center of the mouth hole, 
and a suitable logarithmic function for other frequencies, the coordi
nate system of figure 6 has been worked out. Plotted on these coor
dinates, our reference flute gives a straight horizontal line through A— 
440. A flute scaled for another frequency will give a horizontal line 
through the new design frequency, as read from the scale on the A 
line. A point which departs from the line indicates a finger hole which 
is out of position (or too large or too small) compared to its "proper" 
placement as defined by the reference flute. We must not take the re
sults too seriously as regards the average position of any curve, since 
withdrawal of the head joint, differences in size and height of the em
bouchure hole, etc., can easily make a change of a few millimeters. But 
the irregularities, and the general slopes, are significant. 

The solid curve in figure 6 is for a representative Boehm and Men-
dler flute, the "Wild West" flute described above. The curve has a marked 
slope; compared to the reference flute it is "stretched" almost 8 mm 
over the length from c' to c". The dashed curve is for a Rudall, Carte 
and Co. flute built in 1898 (Miller no. 5). It too shows a stretch com
pared to today's "new scale" instruments, but one that averages about 
3 mm. 

20. The definition of this term is given in Coltman, 'Acoustic Analysis." 
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FIGURE 6. Coordinate system for displaying tone-hole positions after adjust
ment to a standard hold size. The horizontal line at A—440 represents the "new 
scale" reference flute; the plotted points are for two actual instruments. 

In figure 7 are diagrammed a Wm. S. Haynes flute of 1922, and the 
design of a large American manufacturer, W. T. Armstrong, prior to 
the changeover to the "new scale." These show slightly more slope than 
the Rudall, Carte and Co. instrument. 

Summary of Flute Measurements 

Tables 1 and 2 summarize the results of measuring several of Boehm's 
instruments and Boehm flutes of other manufacturers made over the 
last century or so. 

In table 1, the first two columns ("Boehm's intended pitch") attempt 
to specify the pitch to which Boehm designed the instrument, by com
paring their measurements with the instructions that Boehm gave—the 
first five items of the early years relying on his Uber den Flotenbau (1847) 
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FIGURE 7. Adjusted hole positions of two American flutes, compared to the 
"new scale" reference flute. 

and the second five his schema of 1867. Two separate parameters are 
used: the distance from the cork to the A hole, and the slopes of lines 
from plots like figures 3 and 4. It will be seen that quite consistent 
results are obtained (Boehm no. 4 apparently has an altered headjoint; 
it is far too short to make sense) between the two parameters. The sec
ond two columns give the results that one would expect modern players 
to obtain when playing the instruments, as taken from plots like figures 
7 and 8. The slope of the best line in such a plot has been used to 
specify a pitch characteristic of the body dimensions, that is, the pitch 
of the scale produced if the headjoint were adjusted to give a scale most 
closely proportional to that of the "new scale" flutes in use today. 

Looking at the first item, we see that Boehm's 1862 schema (based 
on "my flute" of 1847) specifies for A-440 an instrument that would 
have a body suited to A-433, but an A-hole distance that would pro
duce 448 Hz for the tuning note. These departures appear in all the 
flutes of this early period. Actually, these do not cover a wide range of 
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TABLE 1 

Pitch Characteristics of Theobald Boehm Flutes 

Boehm's intended pitch: Estimated Body 

sounding suited 

from A-hole from basic pitch of to A 

distance (Hz) length (Hz) a '  (Hz) (Hz) 

1 .  Boehm's 1862 Schema 440 440 448 433 
2. Boehm, "my flute," 1847—62 444 444 451 437 
3. Boehm, no. 4, 1848 ? 444 462? 439 

(Swain) 
4. Boehm, no. 21, 1848 443 441 450 437 

(Miller no. 652) 
5. Boehm, no. 38, 1849 439 441 449 436 

6. Boehm's 1867 Schema 440 440 444 430 
7. Boehm and Mendler, 1862-81 438 441 441 429 

("Wild West"; Miller no. 134) 
8. Boehm and Mendler, 1862-81 437 440 442 430 

("Oliver"; Miller Data 57) 
9. Boehm and Mendler, 1877 450 448 452 440 

("Macauley"; Miller no. 161) 
10. Boehm and Mendler, 1877 435 435 438 424 

(Miller no. 233) 

pitches, and our uncertainty as to how Boehm intended to correct for 
hole-size variation, and what he allowed for headjoint withdrawal, makes 
it unclear whether he was really designing flutes to different pitches in 
this period. In any event, the too-long body and too-short headjoint are 
strongly evident. 

The Boehm and Mendler flutes are characterized under the as
sumption that they were designed according to the 1867 schema, the 
results of whose specifications for an A-440 flute are given as item 6. 
Comparing this with item 1, we see that the new schema ameliorates 
the too-short head (a' sounds 444 Hz rather than 448 Hz) at the ex
pense of an even more stretched body. This shows up consistently in 
the results for actual specimens. The last one of these can be spotted 
in design pitch with confidence, since it corresponds to A-435, the low
est pitch in use anywhere, and one for which we know that Boehm 
offered to make instruments. 

Table 2 gives similar figures for flutes of later periods by other man
ufacturers. We specify only the probable design pitch. The actual meth-
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TABLE 2 

Pitch Characteristics of Selected Boehm Flutes 

Probable Estimated 
design sounded Body suited 

pitch (Hz) a '  (Hz) to A (Hz) 

1. Rudall, Carte and Co., 1892 452 452 450 
(wood, 1867 model; serial no. 2280) 

2. Rudall, Carte and Co., 1896 435 435 435 
(ebonite; serial no. 2777; Miller no. 4) 

3. Rudall, Carte and Co., 1899 440 440 437 
(silver; serial no. 3015; Miller no. 5) 

4. C. G. Conn, 1896 440 440 435 
(Howe model, ebonite and brass) 

5. D. C. Miller, 1905 435 435 433 
(gold, 1 piece; Miller no. 10) 

6. Wm. S. Haynes, 1922 440 440 433 
(silver; serial no. 5611) 

7. Cundy-Bettony, 1927 440 440 431 
("Boston Wonder"; serial no. A1318) 

8. Armstrong 304, 1975 440 440 436 
(student model) 

9. "New Scale" Flutes, 1975-82 440 440 440 
(standard of comparison) 

ods used are unknown, though some of the Rudall, Carte and Co. flutes 
are consistent with the design method put forth by Rockstro.21 The de
sign pitches of items 1, 2, and 5 are well established. The use of A— 
452 (item 1) would be standard for an English military band at this 
period, and we know from Miller's records that item 2 was a flute he 
ordered built at A-435, and that the gold flute he made himself (item 
5) was his design for an A—435 instrument. These three instruments 
are very self-consistent. Their performance today (at their design pitches) 
would compare well with that of the "new scale" flutes which is our 
standard of comparison. 

The A—440 flutes in table 2 all have "stretched" bodies, correspond
ing to pitches from 431 to 437 Hz. This is about half as large a dis
crepancy as exhibited by Boehm and Mendler flutes. There is not enough 
data here to trace the probable origins of these designs. 

We have seen in the earlier descriptions of Boehm's work the diffi-

21. Walter E. Worman, "Boehm's Design of the Flute: A Comparison with That of 
Rockstro," Galpin Society Journal 28 (1975): 107-20. 
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culties that he faced in trying to pin down the many variables, and that 
certain of his experiments clearly gave erroneous results. These may 
have influenced Boehm's choice of design parameters. Nevertheless, it 
seems to me that there must have been a real difference in the way that 
Boehm himself played the flute, as compared with the blowing tech
nique used by the average American player. We are again reminded 
that there are no perfectly tuned flutes; there are only flutes suited to 
their players. 

Pittsburgh, Pennsylvania 
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What are the possible uses and limitations of a catalogue of musical 
instruments? The four volumes at hand each exemplify styles and 
methodologies that are uniformly excellent and coherent within them
selves but address different audiences and are therefore quite different 
in content. I suggest at the outset that perhaps the best catalogue 
achievable would possess the graceful format and humanism of the Nu
remberg catalogue, the readability and pictorial excellence of the van 
Leeuwen Boomkamp-van der Meer work, and the factual, historical, 
and analytical detail of the Leipzig volumes. In studying these as a group, 
collectors and conservators will confront for themselves questions that 
must be addressed in preparing the catalogues of other collections in 
the future. 

The collection of the Germanisches Nationalmuseum, dating from 
the 1850s, is doubtless the best known to readers. Here we meet again 
old friends frequently depicted in books on musical instruments, par
ticularly the trumpets and trombones of early Nuremberg makers—the 
Ehes, Hainlein, Haas, and others; but many of the less glamorous in
struments with valves or keys from their earliest period of employment 
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Enhanced sound power from a recurved flute 
John W. Coltman 
3319 Scathelocke Road, Pittsburgh, Pennsylvania 15235 

(Received 10 October 1983; accepted for publication 6 February 1984) 

A Boehm flute with a recurved headjoint that folds part of the column back on itself exhibits an 
increase in sound power of 2-3 dB at the lower frequencies, and similar reductions in output at 
some higher frequencies. The effect is due to shortening the separation between the two sound 
sources of the instrument. 

PACS numbers: 43.75.Ef 

Folding the air column of a wind instrument to make it 
more compact is common in many instruments. The conven
tional flute in C is short enough so that a straight column is 
almost universally employed. However, flutes with recurved 
head joints that fold part of the column back on itself are 
useful for small children who otherwise have difficulty 
reaching the keys. 

Experienced musicians playing on such instruments 
have remarked on an apparent increase in power and rich
ness of the tone quality. Such an effect is not surprising when 
one considers that the flutist's ears are now considerably 
closer to one of the sources of sound. But listeners also report 
a similar effect, consistently enough so that it seemed worth
while to investigate the question of a physical cause underly
ing the apparent improvement in the instrument. The inves
tigations demonstrated a real increase in the sound power 
radiated, due to shortening the distance separating the two 
sources of sound in the flute. 

The headjoint1 used for the experiments was designed 
to replicate the acoustic length versus frequency characteris
tic of the straight headjoint that it replaced on an Emerson 
flute. It had a tight U bend of 15.9-mm radius on the center-
line. The diameter of the tubing around the toroidal bend 
was altered to compensate for the expected change in char
acteristic impedance in the bent portion, an effect2,3 often 
ignored by instrument makers. Bench measurements of the 
acoustic length of the recurved head showed very close repli
cation of the straight headjoint. 

Measurements were made of the sound pressure spec
trum inside the flute, accomplished by removing either the 
upper C key or the uppermost trill key, and replacing it with 
a microphone. No significant differences were observed, 
over many repeated trials, when the straight headjoint was 
replaced by the recurved head. 

A microphone placed close to the right ear of the flutist 
showed pronounced differences—up to 6 dB—in sound in
tensity between the straight and recurved heads. Over most 
of the range, the level with the recurved head was higher, and 
in many notes of the low register there was an enhancement 
of the third harmonic, contributing to the apparent richness 
of these notes. For the highest notes, A6 and above, the mi
crophone placed by the ear measured less intensity for the 
recurved head than for the straight one, confirming an 
impression earlier remarked upon by the least one flutist. 
This fairly obvious result—the moving of the flutist's head 

closer to the flute—is trivial physically but not necessarily 
musically, as the satisfaction of the player can be a factor in 
performance. 

In view of the fact that no appreciable change of condi
tions inside the flute was observed, the effect on the listener, 
if any, must be sought in an alteration of the radiated power, 
which is a small fraction of the total acoustic power dissipat
ed. 

The flute has, over most of its range, two sources of 
sound—the mouth hole and the first open tone hole (vents 
excepted) at the other end of the flute. These are in them
selves very nearly equal in strength (volume velocity) though 
for frequencies of roughly 1000 Hz and up the presence of 
the flutist's head and body is expected to increase apprecia
bly the power radiated from the mouthhole relative to that 
from the other end. The two sources are in phase if the pro
duct of m, the vibration mode number, and n, the spectral 
harmonic number, is odd, otherwise they are out of phase. In 
the straight flute, the sources are separated by a distance 
somewhat less (due to end corrections) than a half-wave-
length of the low register fundamental frequency. The re
curved headjoint used decreases this distance by about 160 
mm, so that for the uppermost C# hole, the distance is re
duced by a factor of 3. 

The total power radiated by two simple sources of 
strength /, and i2 separated by a distance d is 

P _ j 2ixi2 sin kd 
P~ o ~  i\+i\ kd ' 

where P0 is the total power if the two did not interact, and k is 
the wavenumber. The sign of the correction term is positive 
if the two sources are in phase; negative if they are out of 
phase. Calculations were made, using Eq. (1), of the power 
radiated in the two cases for notes in the first two registers 
and their harmonics, assuming /, = i2. 

The calculations show that one might expect in the low 
register an enhancement of the fundamental (which is the 
major component of the total power) by 30% to 50% in 
power, with a loss in second harmonic of up to 50% in a few 
notes. At the upper end of the second register (C6#) one 
might expect the fundamental to be down a factor of 3 in 
power, using the recurved head. But at this frequency (1108 
Hz) the mouth-hole source should be strengthened by the 
presence of the flutist's head, so the reduction is probably not 
as great as calculated. 

1642 J. Acoust. See Am. 75 ( 5 )  May 1584; 0001-4966/84/051642-02500.80; c 1984 Accust See. Am.; Letters to the Editor 1642 



Experimental trials were made in an anechoic chamber, 
and in a reverberation chamber with a decay time of 4 s. In 
these trials, a small microphone was attached to the flute as 
described above, so that the flutist could observe the internal 
acoustic pressure, to hold it nearly constant while the radi
ation was being measured, and also to duplicate the internal 
pressure when the headjoint was changed. 

In the anechoic chamber, a microphone 1 m away from 
the center of the sources was rotated in a horizontal plane to 
get a radiation pattern. The angular distributions in the two 
cases were, as expected, quite different, and followed rough
ly what one might expect from the two-simple-sources mod
el. The total power was obtained by integrating over a 
sphere, assuming axial symmetry about the line joining the 
two sources. 

For the note C5 (short distance, low register) the re
curved head radiated 2.5 times the power of the straight 
head. This is considerably greater than calculated, though 
clearly in the right direction. For the note C6# (short dis
tance, second register) the recurved head gave 0.67 times the 
power, rather than the more severe reduction of 0.3 predict
ed by the simple source model. Again, this is the right direc
tion. The questionable assumption of axial symmetry mili
tated against more extensive experimentation in this way. 

The reverberation chamber in principle integrates the 
sound power over all angles. But interference patterns with
in the chamber when using fixed frequencies cause severe 
difficulties. The normally used moving microphone was too 

slow to be suited to the flutist's endurance, so that recourse 
was had to making measurements using eight different loca
tions of the flutist within the room, and averaging the results. 
Six such sets were taken for the note C5, alternating head-
joints with each set. Comparison of these in pairs gave for the 
fundamental frequency 3.0-, 3.9-, and 2.4-dB advantage to 
the recurved head. For the second harmonic,. the results 
were — 2.7, — 0.3, and — 3.7 dB. On total power (higher 
harmonics are insignificant contributors) the recurved ver
sus straight had a mean difference of 3.0 ± 0.4 dB, a factor of 
2 in radiated power. Again, this is somewhat greater than 
calculated from the simple model. 

The enhancement of the power radiated by the flute in 
the lower register, while not very great as things usually are 
measured in acoustics, may be quite significant musically, as 
the flute is notoriously weak in this register. In an instrument 
where the range of intensities practically achievable on a 
single note is about 10 dB, 2 or 3 dB is quite perceptible, and 
is not to be overlooked. 

'Made by Irwin C. Gemlich, Twinsburg, Ohio. 
2C. J. Nederveen, Acoustical Aspects of Woodwind Instruments (Fritz Knuf, 
Amsterdam, 1969). 

3D. H. Keefe and A. H. Benade, "Wave propagation in strongly curved 
ducts," J. Acoust. Soc. Am. 74, 320-332 (1983). 

Some observations on tone color in the recurved flute 
R. M. Laszewski 
Department of Physics and Nuclear Physics Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
Illinois 61801 

A. D. Murray 
Department of Music, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

(Received 19 December 1983; accepted for publication 6 February 1984) 

Inferences about possible tone-color differences between the normal and the recurved flute are 
- made based on radiated power calculations similar to those of Coltman. The results of a blind 

listening test of these differences by a group of musicians are described. 

PACS numbers: 43.75.Ef 

The radiating dipole model of the flute that was used by 
John Coltman1 to explain perceptible differences in loudness 
between instruments having normal and recurved head-
joints may be able to provide some additional insights into 
the differences in tone color that are found between the two. 
Although it is difficult to make hard statements about some
thing as subjective as tone color, it is possible that a signifi
cant change in the amount of power radiated by an excited 
mode relative to that associated with its next harmonic could 
result in a noticeable change in the sound quality of the tone 
that is produced. 

The total power radiated by two interacting sources of 
equal strength, normalized to the total power radiated by the 
independent sources, is given by the expression1 

p/po = 1 ± (sin k d  / k d ) ,  

where d  is the distance between the sources, and k  is the 
wavenumber. The positive sign corresponds to in-phase and 
the negative sign to out-of-phase sources. As discussed by 
Coltman, in its lower two octaves the flute behaves very 
much as if roughly equal amounts of sound are produced at 
the embouchure hole and at the highest open vent hole. The 
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two are in phase for the odd modes of the instrument air 
column and out-of-phase for the even. 

We have used the above expression to compute the pow
er radiated by both the excited mode and its next harmonic 
over the lowest two registers of the flute. This calculation 
was repeated for both the normal flute and for a recurved one 
in which the embouchure hole was moved 16 cm closer than 
usual to the tone holes. This latter corresponds approximate
ly to the embouchure position of a recurved headjoint that 
has recently been constructed for Alexander Murray and 
which, except for the embouchure hole itself, which is by 
Albert Cooper, is similar to the one used by Coltman in his 
measurements.1 

There are two interesting observations about the results 
of the calculations just described that suggest ways in which 
the tone color might be found to differ between the normal 
and the recurved flute. The first is that, in the bottom playing 
register (C4-C5#) the fundamental component is radiated 
more strongly by a recurved flute than by a normal one. The 
enhancement increases from about 30% at C4 to 60% at C5. 
At the same time, the power of the second harmonic of the 
recurved flute becomes much weaker than its counterpart in 
the normal flute as the scale is ascended. It changes from a 
value that is about 110% of normal at C4 to one only about 
25% of normal at C5. This overall tendency for the funda
mental component to be substantially strengthened relative 
to the second harmonic might lead one to suspect that the 
tone of the recurved flute in its lower register would be found 
to be described as having a "darker" or a "simpler" sound 
than normal. 

The second observation is related to the middle register 
(C5-C6#). For the recurved flute, the radiated power that is 
associated with the second harmonic of this register in
creases from a value that is about 10% below normal at C5 to 
one about 20% above normal near C6. Over the same gamut 
of notes the fundamental component, which is the second 
harmonic of the bottom register described above, drops to 
only about a quarter of the normal flute value at C6. This 
strengthening of the second harmonic relative to the sub
stantial weakening of the fundamental would perhaps be re
flected in descriptions of the sound of the upper middle regis
ter of the recurved flute that find it to be "harsher" or more 
"piercing" than normal. 

In a blind test before a group of 21 student and profes
sional flute players in which Alexander Murray played the 
same flute body with both normal and recurved head joints, 
the above observations seem to have been borne out very 
well. Both head joints were fitted with the same Cooper em
bouchure hole. The members of the group of musicians were 
not told of differences in the two instruments but only asked 

TABLE I. Distribution of 42 responses by 21 musicians to each of six com
parisons of the normal and recurved flute. Playing order was alternated to 
eliminate a possible bias. 

Brighter 
Comparison 

harsher Preferred 

Low Normal 74% 74% 19% 
Passage Recurved 26% 16% 72% 

No difference 0% 10% 9% 

High Normal 43% 26% 58% 
Passage Recurved 45% 65% 40% 

No difference 12% 9% 2% 

to make a relative comparison, using their own arbitrary 
scales of bright-dark, smooth-harsh, and degree of personal 
preference, between two flutes playing the same passage. 
Four trials were made in which the instrument playing order 
was reversed for both high and low passages. This reversal 
was done in order to eliminate a possible bias in each case in 
favor of the last instrument heard. The results, summarized 
in Table I, show that significant differences were perceived 
between the two flutes. For the lower passage (E4-G5)2 there 
seems to be a clear preference for the darker sound quality of 
the recurved flute. In the higher (G5-G6),3 although the pre
ference is not as marked, the normal flute sound seems to be 
favored; and the recurved flute was judged to be the harsher 
of the two as had been expected. 

The preferences expressed in this test motivated one 
further set of calculations in which the radiated power was 
computed for a number of embouchure positions ranging 
from 4—20 cm nearer to the vent holes than normal. From 
these it appears that it should be possible to construct a re
curved flute (embouchure about 10 cm closer than normal) 
in which the strengthening of the second harmonic relative 
to the fundamental in the middle register would be mini
mized; and at the same time much of the enhancement of the 
fundamental relative to the second harmonic in the bottom 
register would be maintained. Such a recurved flute might be 
found to have a middle octave tone quality more like that of 
the normal flute and yet retain something of the preferred 
lower octave quality of the 16-cm recurved flute tested 
above. 

'John W. Coltman, "Enhanced sound power from a recurved flute," J. 
Acoust. Soc. Am. 75, 1642-1643 (1984). 

2A phrase from "The Swan" by Saint-Saens. 
3Part of the flute solo from the Brahms First Symphony. 

J. Acoust. Soc Am.. Vol. 75, No. 5, May 1984 Letters to the E Jitc 
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Observations On The High E 

by John WJ. Coltman (see p. 21) 

Players on the conventional flute are well aware that 
the high E (E6) is a troublesome note which is hard to 
establish and maintain when attempting to play it pianis
simo. On an open G# flute, the difficulty is alleviated by 
closing the G# hole when playing E6, rather than leaving 
two vent holes open as is required with the ordinary flute. 
The same action is obtained through the use of a "split E" 
mechanism, in which the keys on the top G# and A holes 
are independent, and a clutch from the right band middle 
finger holds the G# key closed when playing high E. 

Some flute makers use a restricted hole (about 3/8 
inch) for the in-line or top G# hole instead of closing it 
altogether to help the E^. In the course of making some 
tests on the efficacy of this approach, I performed an 
experiment which shed some light on the behavior of 
high E. The experiment and its results are reported here. 

A conventional closed G# flute was rigidly mounted on 
the bench, and provided with an artificial blowing lip that 
was adjusted to sound the flute well when E6 was 
fingered. The lip was supplied with air from a source 
whose pressure could be varied and measured with 
precision. A brass washer with a thin rim could be slipped 
into the top G# hole to give a restricted hole, or to close it 
altogether when a solid disk was used. For each condition, 
the frequency of the sound produced was measured as a 
function of the blowing pressure. 

Figure la shows the results when the top G# was 
open, as in the usual closed G# flute. At a blowing 
pressure of one inch of water, the flute sounds A5 at 860 
Hz, a bit flat from 880 because the flute is cold and 
because the E fingering closes some holes below the A. 
As the pressure is slowly increased, A5 continues to 
sound, getting slightly sharper, until a pressure just 
below 2.0 is reached. Now the sound suddenly jumps to 
E6, and as the pressure is further increased, E6 continues 
to sound. On gradually lowering the pressure, the note 
does not jump down to A5 at the same point, but the E 
persists until a pressure near 1.5 is reached, whereupon 
the transition to the lower note takes place. This 
difference in the transition point depending on the 
direction of approach is called hysteresis. It is typical of 
all such mode jumps in the flute. But the matter of 
importance is the width of this transition region. 

It is clear from the diagram that to sound E6 the flutist 
must exceed, even if momentarily, a pressure of 2 (for 
this particular lip adjustment) and if he wants the softest 
note he can get, must then drop back to a lower 
pressure. If, however, he should slip below the 1.5 

pressure, the note will drop to the A below. Now he is in 
big trouble, for in order to regain the E, he must increase 
the pressure all the way to 2, at which point the E will 
sound fairly loud. 

In Figure lc, the results for a split E or open G# flute 
are shown. It will be seen that the hysteresis region is 
very much narrower, and the transition to E6 takes place 
at a much lower pressure. Now the flutist can initiate the 
high E at a pressure where it will sound softly, and need 
not drop back. It was also observed that as the pressure 
was lowered, the sound of the A could be heard before 
the E ceased, that is, a multiphonic with both A and E 
present was beginning to appear. This gives the flutist 
warning that he is in an unsafe region, and with a slight 
increase in pressure, he can move to a more secure spot 
with only a slight increase in loudness of the E. 

The intermediate case, where the top G# hole is 
restricted but not closed, is shown in Figure lb. There is 
here a considerable improvement over the normal flute, 
but less than half as much as can be obtained with the 
split E. Moreover there is a slight penalty in the intonation, 
as the A hole must be moved a bit to keep it in tune, and 
the high E is thereby slightly sharpened. 

The physical reason for this narrowing of the hysteresis 
loop has not been worked out, but is is likely that it is 
associated with the detuning of the Ag so that its 
frequency departs from an exact 2/3 ratio with that of the 
high E. 
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Some flute myths as seen by a scientist 
By John W. Coltman 

The science of acoustics has come a 
long way toward explaining how musical 

' .?'* ' ' 

instruments produce the sounds they do, 
and what factors are important in their 
construction. Yet it must be admitted 
that in certain areas, particularly that of 

We find in Dr. John W. Coltman the unlikely combination of flutist and acoustical 
engineer. Those of you who own a collection of over 150 flutes and can trace their 
history, and if you have published papers in scientific journals, and if you have con
ducted experiments in the acoustics of the flute, and if you have a doctorate in physics, 
and if you know beans about electronic tubes, and if you've had papers published in 
scientific journals, and if you've been elected to the National Academy of Engineering, 
please hold up your hands. No hands? Small wonder. There is only Dr. John W. Col
tman. We see here his article about flute myths. Iconoclast? You judge. 

tone quality, the science of acoustics still 
lags well behind the empirical findings 
evolved through centuries of experimen
tation and craftsmanship. Nevertheless, 
our understanding does permit us, in 
many cases, to distinguish between well-
founded conclusions and old wives tales. 

The prevalence of myths about factors 
influencing the merit of musical in
struments is not difficult to understand. 
Appreciation of musical quality is an 
esthetic experience — it is readily in
fluenced by the surrounding cir
cumstances, and it may be almost im
possible to avoid associations which ap
pear to be cause and effect, but which in 
fact merely occur at the same time. The 
musician frequently encounters confu
sion and strongly-held opinions on the 
merits or disadvantages of certain varia
tions in an instrument. Design of con
trolled, objective and meaningful ex
periments is a process that scientists 
take years to learn to do well and it is not 
surprising that the musicians and ar
tisans who have developed musical in
struments largely on an empirical basis 
have been occasionally misled. Relative
ly few scientists have devoted much ef
fort to unraveling the mysteries that sur
round the performance of musical in
struments. Only a portion of musical in
strument behavior is well understood, 
but this will suffice for the discussion of a 
few myths about flutes which can be 
analyzed in terms of our present physical 
knowledge. 

THE B-FOOT JOINT 
An indubitable advantage of a B-foot is 

that it enables one to play low B. But one 
often hears that it confers some tonal 
benefits on the instrument as a whole. Is 
this plausible? One can today calculate 
with precision the extent to which the air 
inside the flute is vibrating at each point 
in the column. One finds that for all but 
the highest frequencies, the vibration 
amplitude drops very quickly at points 
beyond two or three open holes, so that 
over most of the range the extension for 
low B is simply disconnected from the 
vibrating air column. At high frequen
cies, vibration can persist beyond 
several open holes, so that in the extreme 
upper register the B-foot can come into 
play, and may be used to alter the pitch 
and clarity of a few of the highest notes. 
There is no physical reason to believe 
that it can perceptibly influence the flute 
over most of its range. 



THE STOPPER 
The stopper or cork cavity plays a role 

in helping to maintain proper intonation 
over a wide range of frequencies. It does 
this by supplying some compressibility 
to the air column at a point where the 
normal column has been interrupted by 
substitution of the embouchure hole. It * 
comes more and more into play as the 
frequency increases, being essentially 
inoperative in the low register, and hav
ing its major effect in the upper portion 
of the highest register. All that is re
quired of the stopper cavity is that it con
tain a certain volume of air. Assuming 
that the region close to the mouthhole 
where the jet stream plays is unaltered, 
and that the stopper does not leak, it does 
not matter whether the cavity is round, 
square, or elliptical. Thus the advan
tages of concave stopper faces or 
spindle-shaped head joint extensions lie, 
if anywhere, in the realm of esthetics. 

It is often advised that the stopper posi
tion be left strictly as set by the manufac
turer. This is not necessarily the best 
thing to do — the proper cork position 
depends on the coverage of the mouth 
hole by the lip, and since there is a large 
variation of this parameter among 
flutists, the cork should be adjusted 
(rarely more than 2 millimeters is re
quired) to get the best intonation in the 
third register. 

WALL THICKNESS 
In dealing with this subject it is impor

tant to understand that the vibrating ele
ment responsible for the sound of the 
flute is the column of air contained in the 
tube. This air column vibrates by com
pression and expansion in an accordion
like motion, moving in and out at the 
open ends, the compressing and expan
ding the air in between. The vibratory 
movement is very small, less than a 
millimeter, and the pressures involved 
are a tiny fraction of atmospheric 
pressure. Thus the tube need not be very 
rigid to be essentially unaffected by the 
vibration within it. If the tube is cylin
drical, as in the flute, it is very strong in 
resisting pressures which tend to expand 
it, and as a result for any practical 
thickness of a flute tube itself does not 
participate in the vibration to any 
perceptible extent, and neither radiates 
sound energy nor affects the vibration 
which is going on within it.1 The choice 
of wall thickness for a flute tube is then 
determined by other factors than its in
fluence on tone quality — the tradeoff 
between lightness of handling and suffi
cient strength to maintain precision in 
the mechanical keywork being one such 
consideration. 

WALL MATERIALS 
Probably no other subject has aroused 

such passionate disagreement as that of 
the influence of wall material on tone 
quality. One can find all sorts of 
statements in the literature as to the vir
tues of this or that material — many of 
them quite in conflict — but almost all of 
them stated with great conviction. 

The belief that material is important in 
a musical instrument is well grounded in 
the case of stringed instruments. Here 
the vibration of the string alone hardly 
generates any sound at all, and it is 
necessary first to transmit its vibration 
to some sort of a sound board or sound 
box in order to radiate an appreciable 
portion into the air. The vibratory 
response of this board or box depends 
very much on the density, stiffness, and 
energy-damping properties of the 
material of which it is made, and the 
choice of spruce, maple, stretched skin 
and the like may be just as important as 
the shape and thickness of the member. 
It is easy to see that the idea of the 
crucial importance of material to string
ed instruments might be transferred to 
wind instruments, especially since cer
tain materials were typically associated 
with certain instruments for reasons of 
ease of construction, and these in
struments often differed remarkably in 
tone color, as is illustrated by our 
designation of types as "brasses" or 
"woodwinds". The failure to distinguish 
a change of material from other changes 
is a constant difficulty. There is no doubt 
that typically the wooden pipes of an 
organ sound different than the ones made 
of tin, but if one examines the shape of 
the pipes and the geometry of the blow
ing embouchure, and realizes that wood 
is usually employed for stopped pipes, 
one will immediately see that there are 
large differences in addition to the 
change in material. 

To see the question as the scientist 
does, we must ask whether the wall of a 
flute affects the vibration of the all-
important air column. Examination 
shows that if the wall is reasonably rigid 
it does not appreciably move, and 
therefore its own stiffness, density and 
damping do not come into play. 
Moreover, if it does not leak, and is 
smooth, all solid materials have the 
same influence on vibrational losses of 
the air column. This is because the air 
molecules right at the surface are effec
tively attached to the wall, the air col
umn can move only by shearing a thin air 
layer next to the wall. If the roughness of 
the wall is small compared to this boun
dary layer, the losses are determined by 
the viscosity of the air, and not the pro
perties of the wall. Similarly, heat losses 
due to rise in temperature during com
pression, are determined by the thermal 
properties of the air rather than those of 
the wall. 

Thus there is no physical reason to ex
pect the sound of a wooden flute to differ 
from that of a metal flute, provided the 
two are identical with respect to the 
shape of the air column and the geometry 
at all places where there is vibratory mo
tion. This is not easy to accomplish, and 
it is likely that in practice two such flutes 
may be distinguishable because of 
unavoidable geometrical differences. 
But careful tests3 of simple tubular flutes 
with no keys or tone holes to complicate 
the process of making them identical show 
that neither listeners nor players can 
distinguish among flutes made of silver, 
grenadilla wood, or copper water pipe. 

It should not be inferred that the 
material of which a flute is made is of no 
consequence. Some materials are more 
corrosion resistant, are less slippery to 
handle, permit more precision in 
workmanship, or have an intrinsic 
esthetic beauty. One should simply not 
assume that the material, by itself, 
makes one flute superior to another from 
the standpoint of tone quality or musical 
response. 

1. John Backus, "Effect of Wall Material on the 
Steady-State Tone Quality of Woodwind Instruments" 
J. Acoust Soc. Am. 36 No 10 pp 1881-1887,1964 
2. John W. Coltman, "Effect of Wall Material on Flute 
Tone Quality" J. Acoust Soc. Am. 49, No. 2 (Part 2) pp 
520-523 1971 



TRPM FLUt£ NOTES 

The Role of the Head-
Join^ in Flute Intonation 
by John Coltman 

t£>N>POl0 mjr 

The design of the headjoint  of  the modern flute st i l l  fol lows 
very closely the rules laid down by Theobald Boehm. His 
work in this  area was largely empirical .  Only recently have 
physicists  developed an understanding of some of the acous
t ical  processes going on,  and there is  yet  much to learn,  espe
cial ly about the effect  of  the mouth-hole geometry on the 
tone quali ty.  But those factors that  affect  the intonation are 
quite well  understood,  and this  art icle wil l  give an overview 
of this  subject .  

In a  recorder or  fipple f lute,  the geometry of the air- jet  and 
the edge of the blowing aperture is  f ixed,  leaving only the 
blowing pressure as a variable.  In the f lute,  the most  impor
tant  part  of  the blowing geometry,  the flut ist 's  l ips and the 
aperture formed by them, is  not  only varied during perfor
mance,but  different  f lut ists  may use quite different  l ip posi
t ions.  Thus the embouchure of the headjoint  is  only part  of  
the mechanism. It  can be analysed only in conjunction with a  
part icular  l ip posit ion,and we therefore can expect ,  as is  
indeed the case,  that  no single headjoint  design is  "correct".  
But we can say something about the effects  of  changing some 
of the variables in the headjoint  geometry which will  al ter  the 
intonation in the same direction,  and roughly to the same 
degree,  for  any reasonable playing style.  

There are several  variables associated with the headjoint  
that  affect  intonation — the size and shape of the mouth-
hole,  the size of the cork cavity,  the diameter of the tube at  
the mouth-hole,  and the form of the taper between this  
diameter and that  of  the main tube.  Displaying the effects  of  
four interacting variables is  not  simple.  We shall  t ry to 
describe how each of these variables changes a single quan
ti ty,  the acoustic length of the headjoint .  This is  the length of 
straight  tubing of the same diameter as the main tube that  
could be substi tuted for the headjoint  and give the same reso
nance frequency for a  part icular  note being played.  Because 
of the complex geometry of the headjoint  and l ip combina
t ion,  this  equivalent  acoustic length varies with frequency.  In 
fact ,  this  variat ion is  used to compensate for other pitch-
al tering mechanisms (l ip coverage,  blowing effects ,  vent  
holes in the third register)  in order to produce a scale that  is  
musically desirable.  In several  cases we shall  plot  curves of 
the acoustic length of the headjoint  versus frequency.  These 
curves define acoustically the behaviour of a  headjoint  as far  
as intonation is  concerned.  

Effective Height of  a  Hole 
The pitch of a  note produced by the f lute depends on the 
length of the column of air  contained in the tube,  which is  
"open" at  both ends — one open end being the mouth-hole,  
and the other the first  open hole (vents excepted) encoun
tered in going down the flute.  This column is shortened by 
successively opening the keys so as to play an ascending scale.  
We used quotation marks around the word "open" because 
neither the mouth-hole nor the tone holes represent  com
plete termination of the vibration.  They have a fini te impe
dance;  that  is ,  some acoustic pressure is  required to produce 
'A vibrat ional  f low jhrough these apertures,  and in effect ,  they 
act  l ike an addit ional  length of f lute tube before one comes to 
the end of the column. One of the major variables affecting 
the pitch is  this  hole impedance.  

One can easi ly observe the effect  of  a  restr ict ing hole at  the 
end of the air  column by removing the headjoint  from the 
t lute,  and sounding it  while covering part  of  the open end 
with one's  f inger.  As the finger closes the end more and 
more,  the played pitch gets  lower and lower.  One could calib
rate the impedance of this  part ial ly-stopped end by affixing a 
short  length of f lute tubing to the headjoint ,  just  long enough 
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tc ^et the same pitch. The extra length of tube required is a 
convenient measure of the impedance of the hole in question, 
and in fact, is a measure used by some physicists in specifying 
how a particular hole in the flute will behave. It is called the 
"height" (h) of the hole, because it is treated analytically as if 
it were a chimney of the same diameter as the flute tube, set 
at right angles to the main tube, and having a height equal to 
h. When we use the word "height" in this discussion, it will 
always refer to this measure, not to an actual dimension. 

The same description and rule apply to the aperture at the 
other end — the mouth-hole. If we roll the flute in, the lip 
covers more of the mouth-hole, reducing its area, and 
increasing its effective height, h. The result is a flattening of 
the pitch. That this is due to the change in hole area, and not 
to blowing changes, can be demonstrated by slapping the 
keys on the flute without blowing — rolling the flute in still 
flattens the pitch of the sound made, even though blowing is 
not involved. 

The effective height of the embouchure hole, when par
tially covered by the lip, is the most important parameter 
governing headjoint influence on intonation. This effective 
height is roughly 50 millimeters, but it can vary substantially 
with lip coverage — anywhere from 30 to 65 millimeters. If it 
were not for the cork cavity and the taper, we would expect 
this much length to be added directly to the flute column. 
Modifications due to these factors will be discussed below. 

In order to sound the desired note on a flute, the flutist 
must decrease the travel time of the jet wave from his lip to 
the edge as the frequency increases. He does this in two ways, 
by pushing his lips forward to shorten the distance from his 
lips to the edge, and by increasing the blowing pressure, 
which increases the jet-wave velocity. All flutists do both (the 
recorder player is handicapped by being able to do only one, 
which accounts for the ascendancy of the transverse flute) but 
some choose to use a lower pressure and shorter distance, 
and others a higher pressure and longer distance. The varia
tions among flute players in this respect are quite large. I 
have found the measured blowing pressures used by two well-
known professional flutists to differ by more than a factor of 
two. 

As the flutist ascends the scale, or produces octave jumps 
he makes adjustments in lip distance and therefore mouth-
hole coverage. This changes the effective height of the 
mouth-hole and with it the effective length of the flute. This 
variation in effective length with frequency is compensated in 
part by the taper and the cork cavity. Variations in average 
lip coverage among flutists are compensated for by withdraw
ing the headjoint at the tuning slide. But the compensation is 
not the same at different frequencies, as we shall see. This is 
the major reason that a headjoint providing good intonation 
properties for one flutist may not do so for another. 

In addition to lip coverage, changing the dimensions of the 
mouth-hole will change the effective height of the mouth-
hole. A change in the long dimension of the mouth-hole of 1 
millimeter (which is quite substantial with reference to differ
ences encountered among modern flutes) will change the 
acoustic mouth-hole height by about 3 millimeters. A change 
in the back-to-front dimension may or may not make a 
change. If the flutist adjusts his lip to keep the same lip-to-
edge distance, only a little change will take place. If he uses 
the back edge to feel for lip position, a change of several mil
limeters in mouth-hole height may occur for one millimeter 
change in the back-to-front dimension of the mouth-hole. 

Varying the thickness of the riser and lip-plate to make a 
deeper or shallower hole will also change the acoustic height 
of the mouth-hole. An increase of 1 millimeter in the depth of 
the hole will produce about 2 millimeters increase in acoustic 
mouth-hole height. 

Small changes in mouth-hole dimensions will therefore 
make sensible changes in pitch, but since much of this can be 
compensated for by altering the taper, cork distance and tun
ing slide, the mouth-hole should be designed for best sound

ing properties. The acoustician can, as yet, offer little gui
dance on how sounding properties vary with mouth-hole 
shape. 

The Cork Cavity 
We said earlier that a restricted hole acts like an additional 
length of flute tubing. Actually, this is exactly true only at low 
frequencies. A real length of tubing has a property that the 
hole does not have: the air in it is compressible. The impe
dance of a hole rises in direct proportion to the frequency. 
The impedance of a short open tube rises the same way at first 
but then begins to rise faster, because of the compressibility. 
If we want the hole to imitate a tube, as a termination for the 
flute, we must introduce some compressibility — a way for 
more vibrating air molecules temporarily to leave the main 
tube than go out the other side of the hole. We can provide 
for this with a small chamber to contain some compressible 
air. The opening to this chamber should be at the same point 
as the mouth-hole, and it should have a volume the same as 
that of a piece of main tube about 1/3 as long as the height of 
the mouth-hole. 

The most direct way to do this, discovered long before any 
theory of its action was known, is to extend the main tube 
beyond the mouth-hole and then plug it with a cork to make 
a small chamber. We know now that only the volume of this 
chamber is important. So long as we don't alter the geometry 
close to the mouth-hole where the sir jet is playing, and keep 
the chamber volume the same, its exact shape is immaterial. 

The combined mouth-hole and cork cavity, if properly 
chosen, can imitate quite well a short length of tube over the 
entire range of frequencies covered by the flute. Figure 1 
shows the effective acoustic length (ie the length of flute tube 
that it imitates) of such a combination as a function of fre
quency, or note being played. The solid curve shows a choice 
of cavity volume that produces a good approximation to a 
frequency-independent acoustic length. The dotted curves 
are for different choices of cavity volume, here represented 
by the distance of the cork from the mouth-hole centre. We 
observe immediately an important fact — moderate changes 
in the cork position hardly affect the pitch of the flute in the 
first regiser, they are moderately operative in the flute in the 
second register, and affect the third register most strongly. 

While we are talking about modifying the effective length 
of the flute, we might as well introduce another complication. 
Different notes on the flute are differently affected by a 
change in length. When we withdraw the headjoint a few mil
limeters, the pitch of C5 (first finger) will be altered twice as 
much as the pitch of C4 (all keys closed) because its air col
umn is only half as long, and the alteration is proportionately 
twice as serious. The situation is the same for effective col
umn length changes such as lip coverage or cork alteration, 
and must be taken into account when going from column 
length changes to pitch changes. This is not difficult analyti
cally — one only needs to know the effective column length 
for each note — but it must be kept in mind when thinking 
about how the length-changes we are describing will affect 
the pitch. 

The Taper 
If the flutist did not want to change lip position in playing dif
ferent notes, a cylindrical head with a proper cork cavity 
would provide quite good intonation. There are some other 
variables coming into play, such as the hole height correc
tions at the other end of the flute and effects of the cavities 
under closed keys, but the primary reason for using a tapered 
headjoint is to correct for changing coverage of the mouth-
hole. As the scale is ascended, the lip coverage, and with it 
the mouth-hole height, increases. We want then to decrease 
the acoustic length of the rest of the headjoint with dre-
quency, and this can be accomplished by tapering it. Curves 
of the acoustic length of an entire headjoint with a tapered 
tube are shown in Figure 2. Each curve is for a different 
mouth- hole height, which is determined by lip coverage. If, 



for example, in playing low C4, the flutist uses a covering giv
ing h = 40, we read from the lower curve that the total acous
tic length is 205 millimeters. At D5. about an octave above, 
the lip coverage may give h = 50, and we read from the mid
dle curve that the length is gain 205 millimeters. On the upper 
curve, with h = 60, at D6 in the third octave, we again have 
205 millimeters. In this way the downward slope due to the 
taper overcomes the upward shift due to the lip change, 
resulting in an approximately constant acoustic length for all 
notes. In the third octave, the use of vent holes sharpens the 
pitch of most notes, and we do not want too much compensa
tion by the taper. This is accomplished by the cork cavity, 
responsible for the levelling off of the curves (or even an 
upward bump) at the high frequencies. The dotted curves on 
the h = 50 characteristic shows how modification of the cork 
cavity alters the curve at the upper end, with only small 
changes in the first two octaves. 

The shapes of the curves of Figure 2 depend on the 
geometry of the taper, which can obviously take many forms. 
For doing the job described above, the tapered portion is 
usually confined to the first 120 millimeters (approx. 4 1/2 
inches) from the mouth-hole, and slopes gently (not far from 
a cone) from a diameter of about 17.3 millimeters at the 
mouth-hole. Figure 3 shows how the acoustic length charac
teristic changes with three choices of this diameter, keeping 
the shape and extent of the taper the same (proportionate 
variation), and the mouth-hole geometry fixed. Since total 
length is to be adjusted at the tuning slide, the curves have 
been shifted bodily until each has the same acoustic length at 
A4, the frequency at which the flutist would presumably set 
the tuning slide. 

We see the less sharply-tapered head (larger diameter at 
the mouth-hole) has a smaller slope over the first two 
octaves, ie it tends to sharpen the lowest notes of the flute and 
flatten the highest notes, relative to the other tapers. It would 
be suited to a flutist who changed his lip distance less with fre
quency, or it might help a traditional-scale flute to come 
closer to the characteristics of a "new scale" flute. As noted 
before, the upper ends of these curves can be modified by 
changing the cork position, with little effect in the first two 
octaves. 
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Changing the length over which the taper takes place has 
similar effects. A change to a taper occupying, say, the first 
90 millimeters rather than the first 120 millimeters would 
tend to alter the curve in much the same way as increasing the 
diameter at the mouth-hole. Quite different taper forms can 
produce very similar length-vs-frequency characteristics. It is 
the latter which tells the story, not the exact mechanical 
shape of the hcadjoint. The acoustic length of the actual 
hcadjoint can be measured by electronic techniques, or it can 
be calculated from the mechanical measurements by 
mathematical techniques that modern computers can per
form quickly and accurately. 

Blowing Effects 
It is obvious from blowing on fixed-jet instruments like the 
recorder that the blowing pressure affects the pitch as well as 
the loudness of the note. The flutist must alter the lip cover
age by rolling the flute if he wants to keep the pitch of a note 
constant while he changes its loudness. This trade-off is not 
made in exactly the same way for notes in different registers. 
Comparisons of resonance frequencies of the flute column 
with the actual pitch produced show that in the first and third 
registers these match rather closely, but in the second register 
most flutists blow a pitch somewhat higher than the reso
nance frequency. Thus it is difficult to predict from measur
ing the flute just what frequencies a flutist will produce. But 
having measured what a particular flutist does on a particular 
flute, one can calculate pretty well how to change the flute to 
get a desired change in pitch, or how a different flute will 
respond to this flutist, assuming the acoustic characteristics 
of each instrument are known. 

Conclusion 
The science of flute acoustics has lagged far behind the art of 
constructing flutes, and it is still helpless in the face of many 
questions. But with respect to intonation, science has pretty 
well unravelled the many effects that the artisan must deal 
with, and can offer help and guidance that should be quite 
useful in the constant striving to improve the instrument. 
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Figure 3. Acoustic length of a hcadjoint for three different tapers. 
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7 
cal scenes bypass the ear in favor of the eye. They attempt to render an au
ditory experience visible, ̂ nd, in so doing, they eliminate music's primary 
characteristic, sound." In discussing the complex subjective experience of 
responding to paintings of musical subjects, he uses examples of paintings 
by Hans Memling {Angels Making Music), Giorgione (Pastorale pConcert cham-
petre]), Luca Penni {Parnassus), Jan Brueghel {Hearing), Jan Molenaer {The 
Juvenile Trio), William Hogarth {The Enraged Musician), Jan^ermeer {Lady 
Seated at the Virginals), Nicolas Lancret {The Music Lesson), William Holman 
Hunt {The Awakening Conscience), Eugene Delacroix {Paganini), and Edvard 
Munch {The Scream). This is followed by a useful brief history by Frederick 
R. Selch of the instruments employed in American music during the colo
nial, Federal, and Victorian periods, with well-chosen illustrations from in
strument tutors and advertisements. 

1 he major focus of this volume is on American musical paintings: the 
period 1770-1865 is discussed by H. Nichols B. Clark, while Celia Betsky 
writes on the 1865—1910 era. Music, .both cultivated and vernacular, has 
been such an integral part of American life tha^a survey of musical paint
ings during the eighteenth and nineteenth centuries gives us quite a re
markable picture of society during that period. The fact that amateur mu
sical accomplishment was a source of much pride is reflected in the number 
}f surviving portraits of persons holding tjieir chosen instrument. Gentle
men amateurs were especially fond of the flute, which held high social sta-
:us (contrary to a statement by Clark in his essay), while harps and key
board instruments were considered more suitable for the ladies. Portraits 
Df black musicians reflect changing social attitudes. The theme of courtship 
s portrayed in such paintings as John George Brown's The Music Lesson 
1870), while others convey a mood of nostalgia and dreamy sensuality. 

William Sidney Mount (1807—1868) is one of the artists discussed by 
'lark in The Art of Music, and he if the subject of the third very handsomely 
>roduced book, Catching the Tund: Music and Williarn Sidney Mount. Its title is 
rom one of his most famous paintings, in which a, young man whistles a 
une, while another listens attentively, violin in hanc(, ready to commence 
)laying it. This painting is of particular interest because the violin por-
rayed is a special model invented by the artist, which f\e called the "Cradle 
>f Harmony": it is made in guitar shape with a concav^ back, constructed 
rom half as many pieces as the standard model, and designed to be "more 
onorous, rich and powerful." As Laurence Libin points out in his essay on 
Instrument Innovaticp and William Sidney Mount's \Cradle of Har-
nony'," this was one of many nineteenth-century attempts at improvement 
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J in instrument design that did not find lasting approval. It is known today 
because its maker^was America's first genre painter of international re
nown, who had a special gift for portraying scenes of everyday life on rural 
Long Island, including sbme sympathetic depictions of blocks. Mount also, 
played flute and violin andlsximportant for his collection of fiddle tunes, 
the value of which was first recognized by AJan Buechner, who began the 
organization of Mount's musical materjal at the Museums at Stony Brook. ^ 
Various aspects of Mount's life a^eTcai^r are discussed in the essays on 
"Music and William Sidnev^ffmnt" by Martha V. Pike, "Micah Hawkins 
and William Sidney MqhIu in New York City Dy Peter G. Buckley, and 
"Music and DanceprfLong Island, 1800—1870" by MsHunt Hessler. This 
book will be o^gfreat interest to anyone wanting to learn fnore about ama
teur and professional music-making and theatre in the New York area in 
the first two-thirds of the nineteenth century. 

DALE HIGBEE L— 

fi — 
Victor-Charles Mahillon. Elements d'acoustique musicale et instrumentale: M 
Comprenant Vexamen de la construction theorique de tous les instruments de 
musique en usage dans Vorchestre modeme. 2d ed. Brussels: Les Amis de la 
musique (avenue des Staphylins 17, 1170 Brussels), 1984. Many black-
and-white drawings and diagrams. 1150 FB. ^ 

Among the contributors to our knowledge of musical instruments past and 
present, Victor-Charles Mahillon occupies a pre-eminent position. Any of ^ , 
his major works (particularly the catalog of the museum of the Brussels 
Conservatoire,1 of which museum he was the founder, curator, and major • 
builder) are of importance to those interested in musical instruments. The 
appearance of the present volume, a completely revised edition of the 
work he first published in 1874 at the age of thirty-three, is due to a "happy 
chance." In 1969 there was discovered in the home of his granddaughter, 
Marthe, the nearly completed manuscript of a new and entirely reworked 
edition of the Elements that he had prepared at St-Jean-Cap-Ferrat in 1916. 
Apparently, the war and the difficult times following had prevented him 
from publishing the work prior to his death in 1924, and even the existence 
of the work had been forgotten. His family, eager to see the project that he 

1. Victor-Charles Mahillon, Catalogue descriptif et analytique du Musee instrumental du Con
servatoire royal de musique de Bruxelles, 5 vols. (Ghent, 1880—1922), reprint ed. (Brussels: Les 

Amis de la musique, 1978). 
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had nearly finished in the last years of his life realized, arranged to have the 
work published by Les Amis de musique in Brussels. 

One of Mahillon's aims in writing the Elements was to set down, in easily 
understood language, the physical principles underlying the behavior of 
musical instruments and, in those cases where the theory was not well de
veloped, to describe in rational and quantitative terms what the important 
variables are and what they do as revealed by experiment. In this he was 
highly successful. He lived during a time of great progress in the applica
tion of science to technology, and in a period when the spirit of invention 
and technological change was very much alive. A large part of the transfor
mation of musical instruments from their earlier forms to those of the 
present day took place during his lifetime, and Mahillon himself not only 
recorded and rationalized this process, but contributed to it also. In con
trast to those like Theobald Boehm, who worked essentially with a single 
instrument, Mahillon took a lively interest in all of the varieties; his own 
contributions and experiments, however, were largely associated with 
winds, and the book reflects this emphasis to some extent. 

This is not the text one would turn to today to obtain a grounding in the 
physical principles underlying the behavior of musical instruments. Much 
has been learned since that time, and many of the facts that Mahillon 
presents simply as empirical observations have since been explained and, 
as a result, better organized into a theoretical structure that enhances their 
understandability. He was not trained as a scientist and availed himself but 
sparingly of the theoretical knowledge that became available (Lord Ray-
leigh's monumental The Theory of Sound2 was published in 1877-78) after 
the first edition of the Elements d'acoustique musicale appeared in 1874. Nev
ertheless, Mahillon was rarely wrong and usually was quite clear about the 
limitations of his statements, both theoretical and empirical. Only in a few 
cases would an uninitiated reader be led astray, and never in matters of 
fundamental importance. 

The subtitle of the book reads: "comprising the examination of the theo
retical construction of all the musical instruments of the modern orches
tra." If the reader thinks this covers only what we see conventionally in use 
today, he is in for a surprise. Mahillon completely ignored this self-
imposed limitation. Indeed, it is in the remarkable variety of instruments 
treated that this volume gains interest to the lover of musical instruments. 

2. John William Strutt, third Baron Rayleigh, The Theory of Sound, 2 vols. (London, 
1877-78), 2d ed. (London, 1894-96), reprint ed. of 2d ed. (New York: Dover Publications, 
1945). 

BOOK REVIEWS 1 8 1  

Hundreds of instruments are described in accordance with a classification 
scheme that not only divides the instruments into winds, strings, percus
sion, etc., but also into subcategories according to the nature df the vibrat
ing body and the method of excitation. While the subtitle says "orchestra," 
Mahillon also discusses instruments that belong to what we would call 
bands and other musical groupings; in addition he includes instruments 
now in disuse, as well as their historical forebears and some of their rela
tives in the non-Western world. The descriptions of most of these are brief 
and concern mainly their acoustical aspects, e.g., how the various notes 
they produce relate to the vibrational modes, and the means used to alter 
the length of the vibrating member. There is little history; for this the au
thor makes liberal reference to his catalogue of the museum of the Brussels 
Conservatoire. Taken together, these two works of Mahillon provide a rich 
source of information on a wide variety of instruments. 

The text is occasionally enlivened by commentary and anecdote such as 
the following discussion of a widespread error—the belief that the material 
of which a wind instrument is made has a profound influence on its tone 
qualities (pp. 61-62; translation mine): 

Who does not know the brilliant sound of the cavalry trumpet? It would 
seem that if this same brilliance were produced by the same instrument totally 
constructed of wood, the error would disappear forever. Nothing of the sort. 
Over the years we have had the occasion to make heard almost every day, be
fore a considerable number of instrumentalists, a trumpet of acacia wood con
structed by C. Mahillon to demonstrate the absurdity of an idea of which he was 
one of the leading adversaries. This instrument, constructed with the exact pro
portions of the cavalry trumpet, gives exactly the same brilliance as its equal in 
brass, to the degree that it is impossible to distinguish one from the other. 

Is this believed? We have surprised almost everybody, but have convinced 
nobody! Faced with the truth, many artists have not wanted to believe their 
ears. One consents with difficulty to renounce, in effect, in one instant, an opin
ion formed and professed over long years; to confess that one's experiences, 
one's studies, one's trials, one's fancies have led one astray. Also, with what cold
ness and indifference does one reject all innovation that attacks preconceived 
ideas! 

What troubles would professors spare their students, however, if, them
selves instructed in that which progress reveals, they informed their pupils of 
the true principles of the instrument, abandoning the thousand prejudices that 
encumber the studies, waste precious time, and finally erect an almost impen
etrable barrier to serious progress. 

The sole reasons for the difference in timbre of the wind instruments are 
du e  to  the proportions of the tubes, and thus of the shape of the vibrating IXK IV, 

which is none other than the air, and the manner in which this column of air is 
excited. 
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Mahillon would doubtless be disappointed, but not surprised, to find 
that seventy years later few musicians are willing to admit to the truth of the 
matter, in spite of several forceful demonstrations of its validity. His analy
sis was quite as perspicacious with regard to human nature as it was to 
acoustics! 

Reading this work, one is reminded of the spirit of innovation and ac
ceptance of change in musical instrument design that was alive in the nine
teenth century. The conservativeness of classical musicians today, and their 
unwillingness to accept anything but the most incremental changes in the 
instruments they employ, stands in contrast. Perhaps we must look to the 
world of electronic supplementation, computers, and synthesizers to point 
the directions for the future. 

JOHN W. COLTMAN 

EdWjn M. Good. Giraffes, Black Dragons, and Other Pianos. Stanford: 

Stanford University Press, 1982. xvii, 305 pp.; 62 black-and-white plates, 
many drawings. $29.50. 

Organology students and professionals greet each new addition to the 
plethora of volumes on the history of the piano with hope. A strikingly bold 
point of view, a wealth of comparative documentation, penetrating techni
cal analysis, and an illuhainating musical perspective are all pressing cur
rent needs in the field of the history of hammered keyboard instruments. 

Despite its drugstore-novXtitle, Giraffes is an important step in a total 
reconsideration of the history of the piano (a project that would undoubt
edly require an encyclopedia of thespiano, as Good himself suggests). The 
pianos themselves are the primary sources of information for a history 
such as this one, as the author tells us, and it is clear that he has inspected 
many of them. 

The difference between invention and acceptance, commonly noted in 
histories of technology but seldom given attentiorhjn histories of the piano, 
is a major theme of Good's work. He describes hi\ book as a history of 
change, noting that change is not synonymous with improvement or pro
gress (though he does not replace the idea of evolutionary progress with 
another developed point of view). He is also willing to tackle the myth of 
the modern piano: "I admire what Steinway did, but I am not ̂ eady to sup
pose that where others did something else, they were misguided or out of 
tou<?h with reality," he remarks (p. ix). 

At many points in the book, Good describes problems of the modern pi
ano: for example, he notes that though felt is now universally used for 
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hammer covering, it is far from a perfect material for the purpose; that 
some effects are lost on the modern piano because it lacks a true una corda; 

and that while it saves material and money to use one piece of wire for two 
adjacent strings, the strings do not stay in tune as well as with single loop
ing. \ 

Chapter 5, "Iron Enters the Piano," presents an instructive discussion of 
the Thom aind Allen compensation frame and Babcock's metal frame pat
ent and practice. Describing them as "innovations," Good shows that they 
were proposed as solutions to the problems of tension and tuning instabil
ity, especially in the English-style pianos (he had pointed out earlier that 
the tendency towards greater range, greater volume, and significantly 
higher pitch presented new problems for piano makers). He notes that 
Grafs successful interior bracing system indicates that there were viable so
lutions other than the one eventually adopted, and he suggests that Ameri
can leadership in the development of the iron frame was related to the 
need to build things to withstand the heating of American homes. 

There is enlightening material on the placement of tuning pins in 
square pianos and on Erard's method of hinging the hammers on the rail. 
Good mentions that in inventing the repetition action Erard may have 
wanted to combine the power of th^ more sluggish English type with the 
ease of repetition in the light Viennese action, a point that had also oc
curred to me. He recognizes that the Viennese action has a better leverage 
ratio than does the Cristofori-Silbei mann, and that this accounts for the 
characteristic lightness of touch, responsiveness, and shallow "dip" of the 
Viennese action. 

Several other points in his discussion of tl)e Classic Piano must be ques
tioned, however. The so-called predecessor of the Viennese action, the 
simple Prellmechanik, belongs more logically to the section on early square 
pianos. If Schroter's diagram relates to any later eighteenth-century action, 
it would be Taskin's, or possibly the tangent action, but not the German-
Viennese. The escapement spring on the developed Prellmechanik was 
more likely to be wire than whalebone (the Schmidt probably not the 
most fortunate choice to exemplify the period). The most characteristic-
differences between the pianos of Walter and Stein are not mentioned: 
while J. A. Stein used wooden kapsels, rest posts, more vertical escapement 
levers, and no back checks, Walter used metal kapsels, longer hammers 
resting on felt at key level, tilted escapement levers, and back checks. The 
lack of differentiation confuses the discussion of the Streichers' and Andre 
Stein's later instruments, as they apparently adopted the Walter form of 
action circa 1810-15 rather than J. A. Stein's. 


