THE INHALATION-SHARPENING EFFECT

MARTIN PERGLER

ClarinetistTony Pay hasremarled [1, p. 121] that the pitch of a note playedon the clarinet
will beslightly sharpeiif it is playeddirectly after“taking a breath”,comparedo playingit atthe
endof a breath-phraseThe subjectve mannerof playing the note (embouchureairstreamgetc.)
remainsthe same.The differences slight (muchlessthana semitone) put noticeableesnoughthat
headwcatesotbreathingmmediatelybeforeanexposechotewhoseusualfingeringpatterri‘tends
sharp”anyway.

Pay qualitatively explainsthis effect by notingthatair exhaledfrom thelungsis richerin denser
thanfreshair sinceit is richerin CO,. This greaterdensitylowersthe speedof soundandthus
frequeng, comparedo “fresh” (atmosphericair. This hasrecentlybeenan objectof considerable
discussioron the Internet[2, Nov.-Dec.98]. An extrememanifestatioroccursif a playerburps
duringplayingafterdrinking carbonatedbevarages.

In this article,we explore the physicsof this effect (without burping) andtheoreticallyestimate
its magnitudgsomavhatlessthanl/5 of asemitone)lt turnsoutthatthe changen compressibility
of air, aswell asits density arerelevant. The discussiorinvolvesideason an undegraduatdevel
in calculus,physics,chemistry and humanphysiology andthe resultsare applicableto all wind
instruments.

1. BREATHING AND CLARINET PLAYING

During inhalation,air entersinto the oral cavity throughthe nose(or mouth). A portion, called
pulmonaryair, is passednto thelungs,whereoxygenis partially replacedy carbondioxide (CO,).
Theremaindeycalledtidal air, remains‘above” thelungs,wherethis exchangedoesnot take place.
During normalexhalation thetidal air and(a portionof) thepulmonaryair arequickly expelledand
replenishedluringthefollowing inhalation.

When playing a wind instrument,the length of the inhalation-ehalationcycle is prolonged.
The playerinhalesrapidly (“taking a breath”) and then exhalesslowly and steadilythroughthe
instrumentover the lengthof a musicalphrase.Pitches(notes)soundwhencompressionalvaves
at harmonically-relatedrequenciesareinducedin the columnof exhaledair flowing throughthe
instrument. The pitch or frequeng of the soundis determinedby the lengthandshapeof this air
column(fingeringthe note)andby thevelocity of soundin theair. It is reasonabléo supposéahat
immediatelyaftertakingabreaththeair beingslowly exhaledwill belargelytidal, while laterin the
phrasgin thesame'breath”) it will belargely pulmonary Thustheissuereducego estimatinghe
differencein velocity of soundin tidal versuspulmonaryair. 1 do not know of directexperimental
measurementsf this.

2. METHOD OF ATTACK

Atmospheridry air is a mixture of about78%N2, 21% 0, and1% othergasesincludingonly
traceamountsof CO,. Exhaleddry air (during normalbreathing)hasO, reducedto about16%
andCQOy, increasedo nearly5%. Thesepercentageare molar fractions(numbersof molecules),
which (by Dalton’s Law of Partial Pressuress the sameas“compositionby volume”. Inhaledair
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is warmedto bodytemperaturandhumidifiedlargelyimmediatelyonits passag¢hroughthenose
(or mouth),andsotheonly relevantdifferencebetweertidal andpulmonaryair will bein theabove
02-CO;, balance.Thuswe will attackthe problemby estimatingthe changen velocity of sound
whenamolarfractionp of CO; is introducednto atmospheri@ir by replacinga portionof the O,.
Thefraction p will beapproximately0.05,pendingthe discussioratthe end.

We make considerablaiseof thefollowing principle,whichis a simpleconsequencef approx-
imationby differentialsin elementarycalculus.

Combination of Multipliers. Supposea physical quantity is given by an equationX = YazP,
whereaandb are anyfixedreal exponentslf Y andZ are multipliedbyfactors (1+a) and (1+ B),
whee |al,|B| << 1, thentheeffectis approximatelyto multiply X by thefactor (1+ aa + bp).

3. SPEED OF SOUND IN GASES

By generaprinciple,thespeedf mechanicalvavesin ary mediumis givenby v =[(elasticprop-
erty)/(inertialproperty)[/2. In the caseof compressionalavesin acompressiblenedium,suchas
sound this takesthe form v = [B/D]Y/2. HereD is the densityof the gas(or othermaterial). The
bulk modulusB is the stresgstrainratio of thegasundercompressiongivenin termsof volumeand
pressurédy the equationB = —AP/(AV/V), or B= =V (dP/dV) infinitessimally Thereciprocal
1/Bis themoreintuitive compessibilityof thegasunderpressure.

Since gasesare poor conductorsof heat, the local thermodynamichangesassociatedo the
propagatiorof a soundwave are adiabatic(i.e., without heatexchangewith the surroundingsor
at constanentropy) ratherthanisothermal. Thusthe bulk moduluswe requireis the oneobtained
by takingthethermodynamiderivative (dP/dV)s in theabove equation.CalculationgivesB = yP
andthusv = (yP/D)l/z. Herey is the adiabaticconstanof the gas(sothatan adiabaticprocesss
characterizety therelationshipPVY = constank

In oursituation ourtaskis to estimatehechangen D andy betweenidal andexhaledpulmonary
air; P remainsconstantatroughlyoneatmosphere.

4. CHANGE IN DENSITY

The densityof a gasmixtureis directly proportionalto its averagemolarweight. The average
molar weight of air consistingof 0.79 N2 (molar weight 14), p CO, (molarweight 22), andthe
balanceO, (molarweight16) is 14.4 4+ 6p. Denotingby Dy, the densityof the mixture with CO,
proportionp, we get

Dp = Do(1+0.42p).

5. CHANGE IN ADIABATIC CONSTANT/COMPRESSIBILITY

The adiabaticconstanty is given by the ratio Cp/Gy of specificheatsunderconstantpressure
andconstanvolume,respectiely. Themolecularkinetictheoryof gasegredictsthatCp = G, + R,
whereR is theuniversalgasconstantfor all idealpuregasesFurthermoreequipartitionfor enegy
predictsthatCy = (5/2)R for diatomicgases.This is borneout by experimentalvaluesof about
1.40for y of N2, Oz, andatmospheriair (largely a mixture of diatomicgases).

For polyatomicgasedike CO,, the molecularkinetic theory and equipartitionare no longer
sufficient,andit is saferto useexperimentalalues.For CO, atroomtemperatureQ, = 3.40Rand
Cp = 4.42R.

Now consideour0.79N,/p CO,/restO, mixture. We getthat(Cy ) p = (5/2+ (3.40—5/2)p)R=
(1+0.36p)(Cv)o and(Cp)p = (1+ 0.26p)(Cp)o by a similar calculation. From this we see,via
combinatiorof multipliers,that

Yp = Yo(1—0.10p).
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6. CHANGE IN SOUND VELOCITY AND PITCH

Sincev is proportionatto y/2D~/2, we useour above expressiongor y, andDp, togethemwith
combinatiorof multipliers,to conclude

Vp = Vp(1—-0.10p/2— 0.42p/2) = vp(1— 0.26p).

Frequenyg of soundis proportionalto velocity, andso hasthe samemultiplier. Finally, we corvert
to a logarithmic pitch scalewith 1200 centsper octave (frequeng doubling). This is given by
Pitch= (1200/log2) log f. We usefirst-orderTaylor approximatiorto replaceln(1+ x) by x and
obtain

Pitch, = Pitchy — (0.26) p1200/ In2 = Pitchy — 450p cents.

It is clearthatchangesn densityaswell compressibilityof air (proportionalto 1/y) bothcontritute
appreciablyto the changein velocity (and hencepitch), thoughdensitydominatesby a factor of
about4:1.

7. ESTIMATING THE PITCH EFFECT

Let usfirst assumehatair vibratingin a clarinetimmediatelyafter breathingconsistssolely of
tidal air, thatair blown thoughandvibratinglaterafterabreathconsistsolelyof pulmonaryair, and
neglecthumidity. Thenthe flatteninglatein the breath(or sharpeningat the beginning) would be
exactly asjust calculated pluggingin 0.05for p to geta differencein pitch of 22 cents(about1/5
semitone).This is comparabldo differencesn pitch (causedy any numberof reasonsyoutinely
consciouslynoticedandcorrectedoy a capablanusician.

Therearesereralreasonsvhy thisis likely to beanoverestimateFirst, all exhaledair is humid,
andthecalculationwasmadewith datafor dry air. Fortunatelybothtidal andpulmonaryair will be
approximatelyequallyhumid, sowe do not have to accountfor humidity (or temparaturedlirectly
in the calculationof v. However, the presencef watervapourwill decreasehe relative fractions
of bothCO, andO, andhencedecreas¢he valueof p (alsoslightly changingthe calculationof y).
However, evenat body temparaturethe vapourpressureof wateris only about0.06 atmospheres,
sothis effectwill be minimal.

Much more significantly the vibrating air columninside the clarinetis a mixture into which
exhaledair (whethertidal or pulmonary)flows at oneend. Thusthevalueof p insidewill be mod-
eratedandtheoverallmagnitudeof the effect decreased-urthermoreit shouldbelesspronounced
in a flute or recorderwhereblown air is split acrossa sharpedgeandonly partof it entersin the
boreof theinstrumentthanin reedinstrumentsvhereall exhaledair is pushedhroughthebore.

Oneexpectsthatall tidal air will be exhaledprior to pulmonaryair (thoughsomemixing will
take place),thus(in keepingwith Mr. Pay’s analysis)one expectsfairly short-termsharpeningf
pitch right aftera breath followedby stablepitch oncepulmonaryair is predominantratherthana
long-termgradualeffect.

Finally, it is perhapsworthwhile to point out the pitfalls of linear interpolationin nonlinear
relationshipsAs afirst approximationpnecouldblindly linearly interpolatebetweerexperimental
valuesof soundvelocity in air, O, andCO,. This would generateanincorrectmuliplier of (1—
0.17p) insteadof (1 —0.26p) for v. Likewise, blind linear interpolationbetweenexperimental
valuesof y would yield a multiplier thereof (1 — 0.07p) insteadof (1— 0.10p). In the above
analysis linear interpolationhasonly beenusedfor D, Cp andGy, whereit is appropriateby the
idealgaslaw andDalton’s Law of Partial PressuresTheresultanimultipliers,aslinearfunctionsof
p, have beenpropagatedia differentialapproximationwhichis valid since|p| << 1.
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