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ClarinetistTony Pay hasremarked [1, p. 121] that the pitch of a note playedon the clarinet
will beslightly sharperif it is playeddirectly after“taking a breath”,comparedto playingit at the
endof a breath-phrase.The subjective mannerof playing the note(embouchure,airstream,etc.)
remainsthesame.Thedifferenceis slight (muchlessthana semitone),but noticeableenoughthat
headvocatesnotbreathingimmediatelybeforeanexposednotewhoseusualfingeringpattern“tends
sharp”anyway.

Payqualitatively explainsthiseffectby notingthatair exhaledfrom thelungsis richerin denser
thanfreshair sinceit is richer in CO2. This greaterdensitylowersthe speedof soundandthus
frequency, comparedto “fresh” (atmospheric)air. This hasrecentlybeenanobjectof considerable
discussionon the Internet[2, Nov.-Dec.98]. An extrememanifestationoccursif a playerburps
duringplayingafterdrinkingcarbonatedbevarages.

In this article,we explorethephysicsof this effect (without burping)andtheoreticallyestimate
its magnitude(somewhatlessthan1/5of asemitone).It turnsout thatthechangein compressibility
of air, aswell asits density, arerelevant. Thediscussioninvolvesideason anundergraduatelevel
in calculus,physics,chemistry, andhumanphysiology, andthe resultsareapplicableto all wind
instruments.

1. BREATHING AND CLARINET PLAYING

During inhalation,air entersinto theoral cavity throughthenose(or mouth). A portion,called
pulmonaryair, is passedinto thelungs,whereoxygenis partiallyreplacedby carbondioxide(CO2).
Theremainder, calledtidal air, remains“above” thelungs,wherethisexchangedoesnot takeplace.
Duringnormalexhalation,thetidal air and(aportionof) thepulmonaryair arequickly expelledand
replenishedduringthefollowing inhalation.

When playing a wind instrument,the length of the inhalation-exhalationcycle is prolonged.
The player inhalesrapidly (“taking a breath”)and then exhalesslowly and steadilythroughthe
instrumentover the lengthof a musicalphrase.Pitches(notes)soundwhencompressionalwaves
at harmonically-relatedfrequenciesareinducedin the columnof exhaledair flowing throughthe
instrument.Thepitch or frequency of thesoundis determinedby the lengthandshapeof this air
column(fingeringthenote)andby thevelocity of soundin theair. It is reasonableto supposethat
immediatelyaftertakingabreath,theair beingslowly exhaledwill belargelytidal,while laterin the
phrase(in thesame“breath”) it will belargelypulmonary. Thustheissuereducesto estimatingthe
differencein velocity of soundin tidal versuspulmonaryair. I do not know of directexperimental
measurementsof this.

2. METHOD OF ATTACK

Atmosphericdry air is a mixtureof about78%N2, 21%O2, and1%othergases,includingonly
traceamountsof CO2. Exhaleddry air (during normalbreathing)hasO2 reducedto about16%
andCO2 increasedto nearly5%. Thesepercentagesaremolar fractions(numbersof molecules),
which (by Dalton’s Law of Partial Pressures)is thesameas“compositionby volume”. Inhaledair
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is warmedto bodytemperatureandhumidifiedlargely immediatelyon its passagethroughthenose
(or mouth),andsotheonly relevantdifferencebetweentidal andpulmonaryair will bein theabove
O2-CO2 balance.Thuswe will attackthe problemby estimatingthe changein velocity of sound
whenamolarfractionp of CO2 is introducedinto atmosphericair by replacingaportionof theO2.
Thefraction p will beapproximately0.05,pendingthediscussionat theend.

We makeconsiderableuseof thefollowing principle,which is a simpleconsequenceof approx-
imationby differentialsin elementarycalculus.

Combination of Multipliers. Supposea physical quantity is given by an equationX � YaZb,
wherea andb areanyfixedrealexponents.If Y andZ aremultipliedbyfactors

�
1 � α � and

�
1 � β � ,

where �α ����� β �	�
� 1, thentheeffectis approximatelyto multiplyX by thefactor
�
1 � aα � bβ � .

3. SPEED OF SOUND IN GASES

By generalprinciple,thespeedof mechanicalwavesin any mediumis givenby v � [(elasticprop-
erty)/(inertialproperty)]1� 2. In thecaseof compressionalwavesin acompressiblemedium,suchas
sound,this takesthe form v �
�B� D � 1� 2. HereD is thedensityof thegas(or othermaterial).The
bulk modulusB is thestress� strainratioof thegasundercompression,givenin termsof volumeand
pressureby theequationB ��� ∆P� � ∆V � V � , or B ��� V

�
dP� dV � infinitessimally. Thereciprocal

1 � B is themoreintuitivecompressibilityof thegasunderpressure.
Sincegasesare poor conductorsof heat, the local thermodynamicchangesassociatedto the

propagationof a soundwave areadiabatic(i.e., without heatexchangewith the surroundings,or
at constantentropy) ratherthanisothermal.Thusthebulk moduluswe requireis theoneobtained
by takingthethermodynamicderivative

�
dP� dV � S in theaboveequation.CalculationgivesB � γP

andthusv � �
γP� D � 1� 2. Hereγ is theadiabaticconstantof thegas(sothatanadiabaticprocessis

characterizedby therelationshipPVγ � constant).
In oursituation,ourtaskis toestimatethechangein D andγ betweentidalandexhaledpulmonary

air; P remainsconstantat roughlyoneatmosphere.

4. CHANGE IN DENSITY

Thedensityof a gasmixture is directly proportionalto its averagemolarweight. Theaverage
molar weight of air consistingof 0.79 N2 (molar weight 14), p CO2 (molar weight 22), andthe
balanceO2 (molarweight16) is 14� 4 � 6p. Denotingby Dp thedensityof themixturewith CO2

proportionp, weget
Dp

� D0
�
1 � 0 � 42p���

5. CHANGE IN ADIABATIC CONSTANT/COMPRESSIBIL ITY

The adiabaticconstantγ is givenby the ratio CP � CV of specificheatsunderconstantpressure
andconstantvolume,respectively. Themolecular-kinetictheoryof gasespredictsthatCP

� CV � R,
whereR is theuniversalgasconstant,for all idealpuregases.Furthermore,equipartitionfor energy
predictsthatCV

� �
5� 2� R for diatomicgases.This is borneout by experimentalvaluesof about

1 � 40for γ of N2, O2, andatmosphericair (largelyamixtureof diatomicgases).
For polyatomicgaseslike CO2, the molecular-kinetic theory and equipartitionare no longer

sufficient,andit is saferto useexperimentalvalues.For CO2 at roomtemperature,CV
� 3 � 40Rand

CP
� 4 � 42R.
Now considerour0.79N2/pCO2/restO2 mixture.Wegetthat

�
CV � p � �

5� 2 � � 3 � 40 � 5� 2� p� R ��
1 � 0 � 36p� � CV � 0 and

�
CP � p � �

1 � 0 � 26p� � CP � 0 by a similar calculation. From this we see,via
combinationof multipliers,that

γp
� γ0

�
1 � 0 � 10p���
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6. CHANGE IN SOUND VELOCITY AND PITCH

Sincev is proportionalto γ1� 2D � 1� 2, we useouraboveexpressionsfor γp andDp, togetherwith
combinationof multipliers,to conclude

vp
� v0

�
1 � 0 � 10p � 2 � 0 � 42p� 2� � v0

�
1 � 0 � 26p���

Frequency of soundis proportionalto velocity, andsohasthesamemultiplier. Finally, we convert
to a logarithmicpitch scalewith 1200 centsper octave (frequency doubling). This is given by
Pitch � �

1200� log2� log f . We usefirst-orderTaylor approximationto replaceln
�
1 � x� by x and

obtain

Pitchp
� Pitch0

� � 0 � 26� p1200� ln2 � Pitch0
� 450p cents.

It is clearthatchangesin densityaswell compressibilityof air (proportionalto 1� γ) bothcontribute
appreciablyto the changein velocity (andhencepitch), thoughdensitydominatesby a factorof
about4:1.

7. ESTIMATING THE PITCH EFFECT

Let usfirst assumethatair vibrating in a clarinetimmediatelyafterbreathingconsistssolelyof
tidal air, thatair blown thoughandvibratinglaterafterabreathconsistssolelyof pulmonaryair, and
neglecthumidity. Thentheflatteninglate in thebreath(or sharpeningat thebeginning)would be
exactly asjust calculated,pluggingin 0.05for p to geta differencein pitch of 22 cents(about1/5
semitone).This is comparableto differencesin pitch (causedby any numberof reasons)routinely
consciouslynoticedandcorrectedby acapablemusician.

Thereareseveralreasonswhy this is likely to beanoverestimate.First,all exhaledair is humid,
andthecalculationwasmadewith datafor dry air. Fortunately, bothtidal andpulmonaryair will be
approximatelyequallyhumid,sowe do not have to accountfor humidity (or temparature)directly
in thecalculationof v. However, thepresenceof watervapourwill decreasetherelative fractions
of bothCO2 andO2 andhencedecreasethevalueof p (alsoslightly changingthecalculationof γ).
However, evenat body temparature,thevapourpressureof wateris only about0.06atmospheres,
sothiseffectwill beminimal.

Much more significantly, the vibrating air column inside the clarinet is a mixture into which
exhaledair (whethertidal or pulmonary)flows at oneend.Thusthevalueof p insidewill bemod-
eratedandtheoverallmagnitudeof theeffectdecreased.Furthermore,it shouldbelesspronounced
in a flute or recorder, whereblown air is split acrossa sharpedgeandonly partof it entersin the
boreof theinstrument,thanin reedinstrumentswhereall exhaledair is pushedthroughthebore.

Oneexpectsthat all tidal air will be exhaledprior to pulmonaryair (thoughsomemixing will
take place),thus(in keepingwith Mr. Pay’s analysis)oneexpectsfairly short-termsharpeningof
pitch right aftera breath,followedby stablepitchoncepulmonaryair is predominant,ratherthana
long-termgradualeffect.

Finally, it is perhapsworthwhile to point out the pitfalls of linear interpolationin nonlinear
relationships.As afirst approximation,onecouldblindly linearly interpolatebetweenexperimental
valuesof soundvelocity in air, O2, andCO2. This would generatean incorrectmuliplier of

�
1 �

0 � 17p� insteadof
�
1 � 0 � 26p� for v. Likewise, blind linear interpolationbetweenexperimental

valuesof γ would yield a multiplier thereof
�
1 � 0 � 07p� insteadof

�
1 � 0 � 10p� . In the above

analysis,linear interpolationhasonly beenusedfor D, CP andCV , whereit is appropriateby the
idealgaslaw andDalton’sLaw of PartialPressures.Theresultantmultipliers,aslinearfunctionsof
p, havebeenpropagatedvia differentialapproximation,which is valid since � p ���
� 1.
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