Blowing pressure, power, and spectrum in trumpet playing
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Measurements of sound output as a function of blowing pressure are reported for a group of
experienced trumpet players. The study identifies several common features, f@nzetiireshold

blowing pressure approximately proportional to the frequency of the note being pl@eahn
extended region in which the sound output rises by about 15 dB for each doubling of blowing
pressure, an(B) a saturation region in which sound output rises by only about 3 dB for a doubling

of blowing pressure. Some players are able to blow with maximum pressures as high as 25 kPa,
which is significantly greater than normal systolic blood pressure. A simple theory is presented that
provides a physical explanation for the acoustical behavior, but a detailed treatment requires
solution of the nonlinear coupled equations both for the lip-valve mechanism and for nonlinear wave
propagation in the instrument tube. Frequency analysis of the sound shows a basic spectral envelope
determined by the resonance properties of the mouthpiece cup and the radiation behavior of the bell,
supplemented by an extension to increasingly high frequencies as the blowing pressure is increased.
This high-frequency behavior can be attributed to nonlinear wavefront steepening during sound
propagation along the cylindrical bore of the instrument. 1899 Acoustical Society of America.
[S0001-49669)02102-5

PACS numbers: 43.75.Fg, 43.75[8¢JS|

INTRODUCTION It is the purpose of the present paper to report more
extensive measurements of blowing technique for a group of
Blowing technique is a vital part of the playing of any trumpet players, with detailed studies on one professional
wind instrument, and it is therefore rather surprising that theplayer, and to interpret these findings acoustically.
study of physical parameters such as blowing pressure has
attracted so I|ttlle attention. The fogndatlons of such a stud¥_ MEASUREMENTS
for many wind instruments were laid as long ago as 1965 by
Bouhuys! but the only subsequent detailed measurements of Measurements were made on three players: a profes-
which we are aware are those on the flute by Flefchad  sional orchestral trumpetéGC), and two experienced ama-
on woodwind reed instruments by Fuks and SundBéfge  teur players(NH and KB). In the measurements to be re-
only papers on trumpet performance technique of which weported, they all played standardbBtrumpets, but some
are aware are those of Luce and Claskho examined spec- measurements were also made of GC playingbacBrnet,
tral properties of the sound, and of BertSolho studied the and a piccolo trumpet in A. A catheter tube, about 2 mm in
sounds produced by different trumpet players but did noexternal diameter, was inserted in one corner of the player’s
correlate these with blowing pressure. There have, of cours@outh and the blowing pressure was measured on one of two
been many papers on various more mechanical aspects bourdon gauges that had been calibrated against a water ma-
sound production in brass instruments that will be referred teometer. Acoustic measurements were made at a distance of
later. 1-1.5 m from the horn mouth on the axis of the instrument
Bouhuys’ results for the trumpet are summarized as fol-and later corrected to the equivalent levellam distance.
lows. The blowing pressure measured in the mouth rangedhe A-weighted sound pressure level was noted and the
from about 30 to 100 mm H¢4 to 13 kPa for high notes sound itself recorded for later analysis. In the case of player
played pp and ff, respectively. Corresponding figures for GC, the measurements were made in an anechoic chamber,
low notes are omitted from the graph. The acoustic powewhile for the other two players a normally furnished living
output ranged from about 20W to 1 mW for low notes and room was used. Because the frequency response of the mi-
from 200 uW to 30 mW for high notes. The overall acoustic crophones used fell off above 16 kHz, the reported measure-
efficiency was 0.01% to 0.03% for low notes and 0.03% toments extend only to this frequency.
1% for high notes, the higher efficiencies applying to fortis- The playing tests consisted of a series of steady notes of
simo playing. In each case only one note and two dynamigiven pitch played with increasing loudness from pianissimo
levels were measured, and the radiated sound power wap to the fortissimo limit for the particular player. The note
estimated from on-axis measurements in a normal room. pitches covered the whole compass of each instrument in an
appropriately transposed CFC.. sequence, or something
dpermanent address: Research School of Physical Sciences and Engim—z%lr(-)‘e’e_tO that. .
Figure 1 summarizes the measured results for profes-

ing, Australian National University, Canberra 0200, Australia. Electronic _ )
mail: neville.fletcher@anu.edu.au sional GC playing a standardbBrumpet. Several points are

874  J. Acoust. Soc. Am. 105 (2), Pt. 1, February 1999 0001-4966/99/105(2)/874/8/$15.00 © 1999 Acoustical Society of America 874



120

120
|

2 ..
ac’(o\'_z___.. 3dB pef_‘_a_(_;t_o_‘:—' -
| o | 1 | S A l’ - >=

= 110 — ..73“*!!' = 110 - A= Og Ay
< : ;ﬁ” < Sy
o - i g /Z/a-‘———-—'fﬁ/ e
= d =1 ’ /
= 100 y 7 = 100 g 7
g | 3 .
2 | F3 [ E/z/ A
- R . | 9 ,
® 90 - ca ] ® a0 & ‘ Bb3 —
3 Ty, cee e 2 \,bc'} s —8—
g I F4 a & F4
g & L2 O € s @< e
z % T K:a B

I /S . 5 .
3 F5 3 E5
9D 7 - I 9 7w - Bl =

. s : BbS
_ E/ % _ e
60 . — [ . L [
60
1 2 3 5 10 20 30 1 2 3 5 10 20 30
Blowing Pressure [kPa] Blowing Pressure [kPa]

FIG. 1. Equivalent SPLtal m produced by player GC on a standard B FIG. 2. Equivalent SPLtal m produced by player NH on a standard B
trumpet in an anechoic chamber, as a function of blowing pressure. trumpet, as a function of blowing pressure.

worthy of immediate note. The first is that, in agreementmum measured by BertsCtas also is the dynamic range.

with Bouhuys and the common knowledge of players, there Figure 4 shows the threshold pressure required by each

. : . of the three players to produce notes of various pitches. In all
is a threshold pressure required for the sounding of any nOtec’ases the threshold pressure is very nearly proportional to
and this threshold increases steadily with the pitch of th ' P Y Y prop

. L he frequency of the note being played, but there is a range of
note. Second, there is an upper limit to the pressure that “@hout a factor of 2 in the slope of this characteristic, with the

be used for any note, and again this limit increases as WSrofessional player GC having threshold pressures within the
ascend the scale. It is noteworthy that the highest blowing? play g P

pressure used by this particular player, who is of solid phy- ange spanned by the other two players.

sique, is about 25 kPa. This pressure is much higher than the During the course.of the stydy, similar measurements
: . C2 . Were made of the playing technique of GC on & Bornet
normal systolic(maximum) blood pressure, which is typi-

cally only about 18 kPa, so that it is small wonder that theand a piccolo trumpet in A. In each case the blowing pres-

. : e . sures and sound pressure levels were very similar to those
player reported physiological difficulties when required to P Y

play at this level! To appreciate the magnitude of this pres_measured for the same notes on the trumpet, with the thresh-

sure excess, the graph should be replotted with blowing pres(,)-lc.1 pressures for the highest notes on the A trumpet appro-
. . . riately extrapolated upwards.

sure on a linear scale. Physiological measurements by Fa

et al® on the maximum expiratory pressure that can be

achieved by trumpet players—not while playing the trumpet,“' SPECTRAL ANALYSIS

or indeed while actually expelling air—yielded a value of  To supplement the measurement of sound pressure level,
23%5 Pa, in confirmation of the general level of this result,a recording was made, at a distance of about 1.5 m on the
while they found that similarly fit young men who did not instrument axis, of the sound produced by professional

play any brass instrument were able to achieve expiratorglayer GC for each note. It is well known that the upper
pressures of only 191 Pa. Presumably muscle training ac-

counts for this difference. 120 i 3 -
Figures 2 and 3 show similar measurements for players i 3d§_9?.‘.‘?§9‘9'---
NH and KB. If the two figures are superimposed, thenthey .| |  |-=""
roughly replicate the measurements in Fig. 1, but player NH,
who had a stocky physique similar to that of GC, used only
the louder part of the range, while KB, who was much
slighter of build and had been criticized by his teacher for
not playing vigorously enough, used only the quieter part.
The maximum blowing pressure used by KB was only about
7 kPa while NH used pressures up to about 15 kPa. 80 / A A s
The professional player GC thus had a much greater§ | F/ﬁy—A;’ / N
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range of dynamics and employed a much greater blowing-& 7

pressure range than either of the other players, a conclusior I | E - .
that is perhaps not surprising. The measured sound pressur | f m . e [
levels should not be compared between players more closely 1 2 3 5 10 2 30
than =3 dB, because the acoustic environments were some- Blowing Pressure [kPa]

what different, but the maximum A-weighted level of about i, 3. Equivalent SPLta1 m produced by player KB on a standard B
110 dB for high notes is in good agreement with the maxi-trumpet, as a function of blowing pressure.
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FIG. 4. Threshold blowing pressure used by players GC, NH, and KB to
produce notes of various pitches. The sequence of notes played by each
player is not exactly the same. 0

partials of the trumpet sound increase in level relative to the
fundamental at high loudness levels, giving incisive bril-
liance to trumpets in the orchestra. The object here was to

204

investigate this change in timbre over the whole range of
playing levels.

Investigations of the envelope of the trumpet spectrum
by Luce and Clark characterized it as consisting of two
frequency regions. Below the radiation cutoff of the bell,

Relative level [dB]
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- 11.0kPa
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T T
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typically about 1000 Hz, the radiated power rose slowly WithFIG 6. Soectral devel ¢ of the noteq, s, and G as func .
. . . 0. Spectral development O € noteg, , an as runctions o

frequency, typically at 2 to 4 dB/octave, while above cutoff blowing pressure, as played on & Brumpet bySGC.

the envelope fell at 15 to 25 dB/octave. They found that the

slope below cutoff increased and the slope above cutoff de- ] )

creased as the intensity level was increased. These measufdOWs typical acoustic spectra for the low notg ayed

ments apply, not to individual notes, but rather to the averag&®ftly and loudly on a B trumpet. Itis clearly tempting to

spectrum over the entire instrument. characterize these spectra in terms of three slopes: a rise of

The present measurements broadly confirm these resul@P0ut 6 dB/octave below about 1000 Hz, a nearly constant
but introduce new detail because they relate to individuaf'©Pe from 1000 Hz to an upper transition at 2—-3 kHz which

notes rather than to the overall spectral envelope. Figure §/Creases with dynamic level, and an upper section with
slope about-30 dB/octave at low levels and only abotfl.0

dB/octave at the higher level shown. It is more realistic,
however, to examine the spectral envelopes for a wide range
of notes and dynamic levels, as shown in Fig. 6. This makes
it clear that it is difficult to assign these slopes in an unam-
biguous manner. What does seem clear, however, is that
there is a basic low-level spectral envelope with a character-
istic that rises towards a maximum near 1000 Hz and then
declines at higher frequencies, as shown by the full curves.
On top of this is some other mechanism that extends the
envelope to increasingly higher frequencies as the dynamic
level is increased. We see below that there is a simple theo-
retical justification for this interpretation.

=20

Relative level [dB]

-50}

lll. DESCRIPTIVE THEORY

The sound generation mechanism in brass instruments
depends upon the motion of the player’s lips, which consti-
tute a pressure-controlled valve. The actual behavior of the
FIG. 5. Spectrum of the note C4 played softly and loudly onbatBimpet. IIpS IS Certamly complex, for they consist of soft tissue that

The three slope regions and their transitions are clearly evident, as is the@n Support various types of wavelike oscillatory behalior,
shift with playing level. rather as can the human vocal folds. For our present pur-

1
1000
Frequency [Hz]
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poses, however, such detail is not required, and we can usenate, so that the lip opening would reach 1 mm for a blowing
simple mass-and-spring model. The operation of such simpressure 10 kPa aboyg if it behaved linearly. It should be
plified valves has been discussed in detail in severatecognized, however, that the relatié?) cannot hold for
publications—for a detailed exposition and list of referencesvery high pressures. Instead, the lip openkgill saturate,
the reader is referred to the book by Fletcher and Rodsingbecause of tissue nonlinearity and also the constraining ef-
The particular case of brass-players’ lips has been investfect of the mouthpiece, at a value not much more than 1 mm.
gated by Martir?, by Elliott and Bowshef? by Yoshikawa!!  This can be added as an upper limit to the relati®n
by Adachi and Satd? and by Copley and Strong. Equation(2) actually conceals a great deal, for it does
The essence of this mechanism is that the player’s lipsiot show how the oscillating mouthpiece pressure actually
are driven open and closed by the oscillating sound pressuieads to regeneration and thus to vibration of the lips. For
in the instrument mouthpiece. Details depend upon whethethis detail, the reader is referred to one of the more complete
the valve is of the “outward-swinging door”«€,—) or treatments of brass instrumefit®.In brief, however, the os-
“sliding door” (+,+) type, or something in betweéh:® cillatihng mouthpiece pressure is the main driver of lip mo-
Unlike the “inward-swinging door” (,+) reed valves in tion, and the sounding frequency may be either a little above
woodwind instruments, a brass-player’s lips can act as aar below both the lip resonance and the horn resonance, de-
acoustic generator only within a narrow frequency bandpending upon the geometry of lip motion. For our present
quite close to their natural mechanical resonancepurposes, consideration of these details is unnecessary.
frequency** This resonance frequency is determined by their ~ The lip opening is typically elliptical, but the axial ratio
vibrating mass and their muscle tension. There is a thresholdecreases as the lip opening increases. It is not feasible to
blowing pressure necessary to initiate the lip vibration that ignodel this exactly, but an interpolation is adequate. If the
determined by the lip tensiofand is thus related to the lip axial ratio of the ellipse remained constant, then the opening
vibration frequency and by the acoustic impedance of the areaS would vary asx?, while if the width of the opening
instrument and of the player’s mouth cavify. remained constant, theéswould be simply proportional t.
We can put together a simple theory to describe thdt is therefore a reasonable approximation to take the area of
operation of this lip-valve generator. Suppose tpgtf) is  the opening to be
the threshold gauge pressure in the mouth for excitation of
the lip valve when producing a note of frequerfcyf it is
assumed that the lips are initially held closed, then to a firs\tN
approximation this pressure will be that which is needed t
force the lips open against the lip tension foilceand so will
be proportional tar. If the vibrating massn of the lips were
independent of their tension, then their resonant frequéncy
would be proportional to'(/zm) Y2 50 that we should expect U=(2/p)Y2(p—p;)¥2S=B(p—py) Y232, )
po(f) to be proportional td<. The structure of the soft tissue
in the lips, however, is such that their vibrating massle-  wherep; is the back-pressure in the instrument mouthpiece,
creases markedly with increasing muscular tension. ThandB is another constant, of magnitude about 0.G6kg 2,
measurements of Elliott and Bowsf&suggest thamec 1/T, as can be seen froif2) and(3). This back-pressure can be
so that it is a better approximation to write evaluated from the fact that the instrument operates at a reso-
po(F) = Kf 2 nance, so that its input impedance is nearly purely resistive
0 k and has a magnitudeR that is typically of order
whereK is a constant. This expression agrees well with thel0®> Pa m 3 s, allowing a bore diameter of about 8 mm and
experimental data in Fig. 4, which gives a value of about 7an effectiveQ-value of around 10 for the resonances. We
Pa/Hz forK in the case of player GC, 8 Pa/Hz for NH, and 4 consider later a refinement in which the magnitud®afar-
Pa/Hz for KB. ies with frequency. In any case, the back-pressurg,is
Once the lips are forced open by a blowing pressure =RU. Substituting this in(4), and squaring, leads to the
greater thamp,, they oscillate in resonance with the instru- quadratic equation
ment horn, because the skilled player has chosen the tension s o o 3
to match the note he wishes to play. The lip vibration is  U“+B RxX*U—B?px*=0, ®)
approximately sinusoidal, because the frequency is near reso-

nance, and the vibration amplitude is about equal to the equwh'Ch has the solution

S~Cx%?, 3

hereC is a constant, the magnitude of which can be esti-
%mated to be about 0.05 ¥ for typical lip-opening shapes.

At any instant, the quasi-static Bernoulli flow through
the lips is then

librium lip opening, so that the lips just close once in each Bszﬂ 4 112
cycle? It is thus a reasonable assumption to write the linear = ( P - 1]_ (6)
openingx of the lips as 2 | B2R2x3

x=A(p—pg)(1+cos 2rft), 2

. . . A. Power and efficienc
wherep is the blowing pressure in the mouth aAds an- y

other constant, the magnitude of which is inversely propor-  Equation(6) can be solved to find the componéh¢n f)
tional to lip tension, and thus to the frequency of the noteof the flow at the frequencif of the nth harmonic by sub-
being playedA is typically about 10” m Pa ! for a high  stituting (2) for x, performing a Fourier transform numeri-
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10 FIG. 8. Calculated lip flow waveforms for a trumpet at low, medium, and
high playing levels. The broken curve shows the behavior if the lip opening
- TR R is limited to 1 mm. The waveforms of the mouthpiece pressure are identical

1 / under the assumptions of the calculation.
s

0.1 4 next section, the relative levels of upper harmonics in the
/ mouthpiece flow, and thus in the mouthpiece pressure, are
001 h small compared to their relative levels in the radiated sound.
The quantity plotted in Fig. 7 is not, as we have noted,
the radiated acoustic power, but rather the acoustic power
FIG. 7. Calculated acoustic powén decibels relative to 1 Wproduced by ~ Produced by the lip generator. Much of this power is dissi-
the lip generator, and the overall pneumatic efficiency of this generator, botppated in viscous and thermal losses to the walls of the instru-

as functions of blowing pressure. Two cases are plotted, corresponding thent, and typically less than 10% is radiated as sound. The
two notes an octave apart. In the case of the lower note, the dotted cur

shows the behavior if the lip opening is limited to 1 mm. ‘fadiation efficiency itself behayes like the radiatio_n resis-
tance at the open bell of the instrument, and so rises at 6
dB/octave up to the radiation cutoff frequency, which is typi-
cally, and retaining just the term at this frequency. Thecgjly about 1000 Hz for a trumpet, above which it remains
acoustic power supplied by the generator to the instrument isonstant. We discuss the development of the radiated spec-
then trum in the next section, but for the present we accept that
_ the calculated maximum generator powérloW for high
RY O(nf)2 (7)  notes is therefore expected to result in only about 100 mW of
" acoustic output power. The measurements in Fig. 1 show a
Figure 7 shows the result of two such calculations for notesnaximum sound pressure level of 110 dB at 1 m, which
an octave apart, 250 and 500 Hz, using the parameter valueguld correspond to abod W of radiated power from an
given in the text and assuming=7 Pa/Hz in(1), as for isotropic radiator, since the A-weighting has little effect on
player GC. Quantitative details of this calculation should nottotal power measured over the frequency range of the trum-
be given much attention, because the parameters involvguet. The trumpet radiation pattern is, however, far from uni-
were only roughly estimated and only terms umte3 were  form, so that the total radiated power is probably not much
included in the summation, but the overall behavior is sig-more than 100 mW. For lower notes, the transfer efficiency
nificant. The acoustic power supplied by the lip generatotto radiation will be even smaller and, in particular, the lower-
rises sharply from zero as the blowing pressure exceeds thHeequency full curve of Fig. 8 should be depressed by 6 dB
threshold valug,, and settles down to a slope of about 5 torelative to the higher-frequency curve because of the fre-
15 dB per doubling of blowing pressure. If the lip aperture isquency dependence of the radiation resistance. The calcula-
limited by nonlinearity, however, then the characteristictions are thus in better agreement with experiment than
turns over to a smaller slope at high blowing pressures amight have been expected from their approximate nature.
shown by the dotted portion of the curve for the lower note.  We might note the implications of this analysis for total
For the higher note, the lip displacement reaches this limiacoustic efficiency, as measured by Bouhtifie total in-
only at about 20 kPa. These curves are individually veryput pneumatic power is approximatdil,=pU,, whereU,
similar to the measured curves for individual notes in Fig. 1,s the zero-frequency flow component in the Fourier trans-
though the quantitative agreement is not particularly goodform calculation above and we have neglected oscillations in
The maximum calculated generator power is aldoMV at a  mouth pressure. The generator efficiency is then simply
blowing pressure of 25 kPa for no lip motion limitation, and IT/I1,. This efficiency is also plotted in Fig. 7, and ranges
about 0.3 W if the opening is limited to 1 mm. No upper from about 0.1% for very soft playing up to about 3% for
limit to the blowing pressure appears in the case of the loweloud playing, though this efficiency decreases slightly if the
of the two notes. lip aperture is limited. Reducing these figures by a factor of
Actually the consideration of terms up to onty=3 in  about 10 for high notes and as much as 100 for low notes to
(7) is an adequate approximation, because we are dealingpnvert them to radiated acoustic power gives overall effi-

with the acoustic power supplied by the lip generator to theciencies in remarkably good agreement with those measured
mouthpiece, not with the radiated sound. As discussed in thby Bouhuys'

Generator efficiency [%]

Blowing pressure [kPa]

1=

N[ =
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B. Spectrum ponents in the radiated sound, particularly above the radia-
Solution of Eq.(6) for the flow through the lip valve tion cutoff frequency, and that this level varies greatly with

shows that it has the form in Fig. 8. Since we have assumealsy'ng (lzondl_tlons,f o:]t_enbapr)]pegrlnr? asban act_ual pOWer gain.
a constant value for the input resistarRet the harmonic The explanation of this behavior has been given by Hirsch-

resonance peaks, the mouthpiece pressure has the same foprﬁrget al”" who showed that it arises from nonlinear acous-

For very soft playing the waveform is reasonably sinusoidal,t'c propagation behavior, particularly in the long cylindrical

but at higher levels it has a markedly distorted shape, with gart_ of the instrumgnt bore. _SUCh n_onlinear propagati_on be-
plateau for large lip opening, when the flow is limited by the havpr has_ bgen @scuss_ed in detail by BeYebut a brief
resonant horn resistance and the consequent mouthpieg§Miduantitative discussion will be adequate here.

back-pressure, and a rather sharp decrease to zero as the lips AS We have already seen, the mouthpiece prespyre
close. This calculation is in good qualitative agreement witHf'S€s each cycle to nearly the blowing pressure in the player's
the mouthpiece pressure measurements of Elliott ang'outh, and thus perhaps as high as 25 kPa or about 180 dB
Bowshert? relative to the normal reference level. While the pressure in
A flow with this shape has a spectrum that is nearlythe main bore is probably 'Iower than this by a factor of. at
constant up to a frequency abautimes that of the funda- least 3, t_he .Iev.ell is sufﬁmently hlgh. that the propagation
mental, wheren is the mark/space ratio of the waveform Pehavior is significantly nonlinear. This can be seen from an
when it is approximated by a rectangular wave. This conclu&*@mination of a wave of even 2 kPa amplitude, in which the
sion, however, derives from the unduly simplified assumpP€ak acoustic particle velocity is about 5 fits Since the
tion that the resistive pam of the input impedance is the cylindrical part of the bore is around 1 m long, this leads to a
same at all the low resonances of the instrument. For a re&Pnvective transit-time gain of perhaps 0.05 ms for the high-
trumpet this is not so, for the Helmholtz-type resonance off€guency components in the compressive part of the propa-
the volume of the mouthpiece cup, vented through the condating wave. The result is a steepening of the leading edge of
stricted back-bore and loaded by the characteristic impedhis wave that increases as the pressure amplitude increases.
ance of the instrument bore, produces a resonant envelope i €xtreme cases a shock wave may even develop. Adiabatic
the input impedance, as investigated by Benddehis leads ~ temperature rise in the wave enhances the effect.
to an envelope foR that rises to a broad peak withavalue The result of this nonlinear propagation behavior is a
around 5, typically at 500—1000 Hz, and then decreases, arftgnsfer of energy from the low-frequency components of the
we should expect to find evidence of this in the spectrum. limouthpiece waveform to higher harmonics, the extent of this

is not difficult in principle to substitute such a frequency transfer increasing as the blowing pressure is increased. Be-
variation for R back into Egs.(5)—(7), but we shall not cause of the initial rise of radiation resistance below cutoff,

bother to do this in detail. It suffices to note that such athis transfer increases the radiated sound energy as well as
procedure would certainly modify the spectrum of the powerProviding an apparent power gain at high frequencies. This
supplied by the lip-valve generator to reflect a similar mouthleads to an even greater increase in the subjectively per-
piece resonance. This then explains the common envelogeived loudness, because the wider sound spectrum has less
feature seen in all the low-level curves of Fig. 6. auditory masking, as discussed by Ploffip.

We must now seek to explain the origin of the increased ~ While we shall not attempt to investigate these phenom-
level and apparent actual power gain in the high-frequencgna in any detail in the present paper, it is possible to draw
components observed in loud playing. That there is indeed 80me semiquantitative conclusions from the experimental
discrepancy between the spectrum measured in the moutdata. Referring to Fig. 6, we see that, while fitting straight
piece cup and that of the radiated sound is well known, andines as in Fig. 5 is not generally convincing, it is possible to
part of the explanation lies with the radiation behavior of thedescribe the high-frequency extent of each curve by giving
instrument horn. This is not entirely simple, as discussed byhe frequency above which the harmonics are more than 20
Benade and Janssbhput the general conclusion is that dB below the spectral peak. This information is plotted in
there is a cut-off frequency, around 1 kHz, below which theFig. 9. The highest frequency measurements are limited by
radiated sound level rises at 6 dB/octave relative to the inthe frequency response of the microphone, and points shown
ternal sound pressure, and above which the relation is flaas 16 kHz may well be higher. These results show that the
These considerations, together with the mouthpiece resdigh-frequency extension of the spectrum, and by implica-
nance, have been built into a generalized linear model for théon wavefront steepening, increases about linearly with
transfer function between mouthpiece pressure and radiatddowing pressure, which is what we should expect from the
sound by Elliottet al1® They conclude that, above the radia- discussion in the previous paragraphs. For a given blowing
tion cutoff, there is little if any power loss, at least for small pressure, the effects of wavefront steepening are less pro-
signal levels where the linear approximation is valid. Whilenounced for higher notes.
this consideration is clearly important in determining the bal- It is not difficult to see the general reasons for this be-
ance between low-frequency and high-frequency compohavior, if we make the assumptions that extension of the
nents of the radiated sound, it fails to explain the apparenspectrum above the frequency determined by the mouthpiece
power gain at high frequencies observed in loud playing. resonance and the radiation cutoff, namely about 1000 Hz, is

This high-frequency discrepancy in the spectrum hasaused almost entirely by nonlinear propagation effects, and
been investigated by BeaucharifHe reported that there is that the magnitude of these nonlinear effects is proportional
indeed a marked excess in the level of high-frequency comto the pressure amplitude in the propagating wave. Both
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0 7 The exact value of the exponent in this prescription depends
/ upon the behavior of lip opening shape embodied in(By.
= /= P This may vary a little from player to player, but the extreme
g ’ e values are 0.5 and 1.
= / ¢’ . .
& /® Referring to Fig. 9, we have a reference curve for the
% / A lowest frequency that is a straight line not passing through
&Y , Ta the origin. The approximate relation given above then sug-
E /) ‘/' __%‘__ gests that the curve for frequency 2an be derived by sim-
> ) Jo f cs || ply multiplying all the pressures in the reference curve by
g - P — 2%4~1.7, and the curve for frequencyf 4y multiplying all
J //‘ LG the pressures in the reference curve B§~42.8. The lines in
s I the figure have been drawn to this prescription, and fit the
% 5 10 15 20 25 experimental data quite well, which gives some measure of

Blowing pressure [kPa] confirmation to the assumptions. For much larger blowing

FIG. 9. Frequency at which the spectral envelope falls 20 dB below its pealpressuresland "p openings, we must turn to the result

value, as a function of blowing pressure, for three notes played oh a B ~p/R, which suggests that all curves tend to the same as-

trumpet. The lines have been drawn according to the prescription discussggmptote in the limit of high pressures. It does not appear that

in the text. this asymptote has been reached in the experimental data.

It must be emphasized that this argument is lacking in

these assumptions are reasonable in terms of the discussitiior and serves simply to provide a possible basis for expla-

above, but require detailed justification. nation for the observed behavior. A proper analysis clearly
Since the pressure in the instrument bore is proportiongleéquires explicit consideration of the pressure waveform and

to the pressurg,;=RU in the mouthpiece, it is necessary frequency and guantitative treatment of the nonlinear propa-

first to examine the flow through the lips, as given bi),  gation.

with the lip openingx given by (2). It is not possible to

derive simply an expression for the extension of the speclV. CONCLUSIONS

trum as a function of blowing pressure for a given note pitch,  This experimental study has established, in a general

scales with pitch and blowing pressure. Suppose thereforg, particular, we recognize the following features:
that the flowU(f,p) refers to a note of fundamental fre-

quencyf played with blowing pressurp. We seek to know
the flow U (af,Bp) for a note of fundamental frequeneyf

played with blowing pressurgp. To increase the lip vibra-
tion frequency by a factow requires an increase in lip ten- @

(1) athreshold blowing pressure for sounding of each note,
this pressure rising linearly with the frequency of the
note to be played,;

a rapid rise of radiated sound output for blowing pres-

sion and a decrease in lip moving mass by the same fagtor
as discussed in relation to E(). This increases the thresh-
old pressurg, by a factora and changes the constahtn

(2), and thus the value of at a given pressure, by a factor
a~ 1. Similarly, to a reasonable approximation, increase in

the blowing pressure by a fact@rincreasex by a factorB ©)

if the threshold is ignored.
Returning to(6), we find that the expressiorpdB?R?x®
is typically of order unity forx=1 mm, which makes ap-

sures above threshold, settling down to a regime in
which sound output power rises about 15dB for each
doubling of blowing pressure, the sound power for a
given blowing pressure being nearly independent of the
pitch of the note being played;

a saturation regime, in which the sound output power
rises only slowly with increasing blowing pressure, a
doubling of blowing pressure increasing the sound level
by only about 3 dB.

proximation difficult. Ifx is a good deal larger than this, then \while this represents the general pattern of performance
U~p/R, while if x is smaller, therlJ~Bp"*¥2 Adopting  technique, there is a good deal of variation between indi-
the latter expression and using the argument in the previouggual performers in relation to the pressure range used, and
paragraph leads to the result thus the tone quality produced. At a more detailed level,
~ p2.,-3I2 these differences may also depend upon lip shape and mus-
Ulat,pp)=p"a "U(T.p). ® culature and upon learned playing technique. Some variation
This means that, if the note frequency is raised by a fagtor is also to be expected between trumpets with different
and the blowing pressure by a facir «®* then the flow, mouthpiece sizes and bore diameters, though the range of
and hence the pressure and the spectral result, are all umariation among standard instruments is not large.
changed. This argument ignores the niceties of threshold A first-order theoretical consideration suggests the un-
pressure, and so holds only well above threshold. The upshaterlying physics responsible for these results, in terms of the
of this simplified argument is to suggest that, whatever thdlow behavior of the vibrating lip-valve generator and non-
harmonic development curve for a note of sounding fredinear wave propagation in the main bore of the instrument.
qguencyf played with pressure, this can be transformed to These considerations give expressions for the acoustic input
the corresponding curve for sounding frequendy by in-  power at the instrument mouthpiece, the spectrum of which
creasing all the plotted blowing pressures by a facidf. is then modified by nonlinear propagation behavior in the
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