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Abstract. Thispaper summarizesrecent experimertal and theoretical investigati ons on reedsfrom American reed organs.
Observations of reed motion and velocity have been made with a electronic proximity sensor and a laser vibrometer
system. The variation of the frequency and amplitude of reed vibration as a function of blowing pressure has been
explored in somedetail. Over apressure range that includesthe normal playing pressure of theinstrumert, thefrequency
initially tends to decrease in an approximately linear fashion with increasing blowing pressure, but some anomalous
effectsare observed at higher pressures, including anincreasein frequency at very high blowing pressures Theseeffects
areingood agreement with predictions of asimpletheoretical model of reed vibration in whichthefreereed istreatedas
adamped harmonic oscillator. A number of measurementshave al so been made of the spectrum of the near-field sound.
These include variations of this spectrum with blowing pressure and the effects of changesin dimensonsof thereed cell.
Some current and future directions for free reed research are discussed.

INTRODUCTION

Until the 1990s there were very few studies of the acoustics of free reed instruments, including the
reed organ and itsrel ativesin the accordion-concerting, harmonica and Asianmouthorganfamilies.
There were very few measurements reported on individual freereeds. The last decade has seen, by
comparison, asurge of interest in these instruments, culminating in the special session on freereed
instruments at the November, 1999, Acoustical Society of America meeting in Columbus, Ohio.!
Comparison of the 1991 first edition of The Physics of Musical Instruments, by Fletcher and
Rossing, with the 1998 second edition shows the addition of a new section: "Free Reeds."

The reed organ enjoyed a period of great popularity in North America for about a century,
beginning around 1835. In the late 19th century thousands of instruments per year were
manufactured and sold in the United States and Canada. These instruments, which were
manufactured and sold under a variety of names, are often referred to as "parlor organs' or ssmply
"pump organs.” Theinstrument often called the"American” reed organ differsfromthe"European”
harmonium in the use of a vacuum exhauster rather than a pressure bellows to drive the free reed
vibration, aswell asin some significant design characteristics of the reeds.

Although the reed organ does not use a resonating pipe, reed cell dimensions and other
characteristics of the reed environment as well as the shaping and scaling of the reeds, can modify
the spectrum of the sound produced. A number of acoustical observations related to free reed
instruments including the reed organ and harmonium have been made since the time of Helmholtz,
but it isonly in recent yearsthat any detailed measurements on free reeds have been made.



Figures 1, 2, and 3, al from The American Reed Organ and the Harmonium by Gellerman,’
illustrate the American organ reed and its environment in the instrument. Figure 1 showsatypical
reed. Typical characteristics of the reed include the curved section at the end of the reed tongue as
well asadlight twist at the tip. Figure two shows afront view of reeds mounted in reed cellswith
the pallet valve below. Figure 3 shows a cross sectional view of the same.
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FIGURE 3. A cross-sectional view of American organ reed cells (from Gellermar?). A: cavity board, B: reed cell, C:
mute, D: reed, E: soundboard, F: pallet valve.



The following sections constitute a brief summary of some recent measurements on individual
reeds from American reed organs. M easurements of reed displacement as a function of time have
been made with avariableimpedance transducer, and measurementsof reed vel ocityas afunctionof
time have been made with a laser vibrometer system. The results show a nearly sinusoidal reed
motion which contrasts with the sound pressure waveform near thereed. The variation of sounding
frequency with blowing pressure for areed organ reed mounted on alaboratory windchest has been
studied extensively. An attempt has been made to model the observed pressure-frequency
dependence using a simplified theoretical model due to Fletcher.” Some additional investigations
have been madeinto the effects on free reed acoustics of the reed cell environment in which thereed
is Situated.

VARIABLE IMPEDANCE TRANSDUCER (VIT) MEASUREMENTS

There have been few studies of the vibration of individual freereeds. A paper by St. Hilaire, et al,
concentrated on conditions for reed excitation.” Inan earlierstudy with simpleequipment,K oopman
and Cottingham observed the amplitude of vibration as a function of blowing pressure for
harmonium-typereed organ reeds of 100-200 Hz frequency.® It wasobservedthat oncethethreshold
pressurefor vibration isreached (about 0.2 kPa), the vibration amplitude of the reedtip quicklyrises
to alargevalue of severa millimeters. It then remains nearly constant with increasing pressure until
it eventually begins to decrease at high blowing pressures. The equilibrium position of the reed
shifts gradually about 1-2 mm in the direction of airflow.

A more detailed set of measurements of the motion of these reeds has been made using avariable
impedance transducer (V1T) to measure reed displacement.” Because of arange limitation of 2.5
mm, the VIT is used in the middle of the reed tongue, around 2 cm from the reed tip. (The reed
tongue is about 4 cm long.) Observations with the VIT confirm the earlier results (Figure 4), and
also provide information about the full cycle of reed vibration (Figures 5 and 6).
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FIGURE 4. Graph of the amplitude of reed vibration vs. blowing pressure for an organ reed. The top set of points
represent maximum excursion above equilibrium, the bottom set diamonds the maximum excursion below equilibrium;
the middle set the (shifted) equilibrium position at each value of the pressure.
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FIGURE 5. Reed displacement and sound pressure waveformsfor aCs reed at p = 0.9 kPa. Thethin solid lineisthereed
displacement [in mm], the heavy solid curveisthe pressure waveform[arbitrary units] from amicrophonejust abovethe
reed, the dotted curve is the pressure waveform inside the windchest just below the reed.

Figure 5 compares the motion of the reed with the sound pressure waveforms near the reed tip
outside and inside thewindchest. Although the reed motion appearsto be approximatdy sinusoidal,
the sound pressure waveform somewhat resembles a pulse wave, as the reed acts as a valve,
aternately opening and closing the opening in the reed frame twice in each cycle of oscillation. At
blowing pressures somewhat higher than normal playing pressure, someindicationsof the presence
of the second beam mode (f.= 6.27f1) are observed in the spectrum of reed vibration as shown in
Figure 6.
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FIGURE 6. Spectrum of the reed displacement waveform from Figure 5.



LASER VIBROMETER MEASUREMENTS

The laser vibrometer system measurements complement those made with the VIT. The laser
vibrometer measuresreed vel ocity, rather than displacement, althoughthe resultscan beintegrated to
give displacement curves which agreewell with theresultsfromthe VIT. Unlikethe VIT the laser
vibrometer is not limited in range and can be used to explore the motion of the reed along its full
length. Figure7 showsthereed displacement profile at maximum amplitude as cal culated from the
laser vibrometer data, compared with a curve obtained by fitting Rayleigh’s equa'[ion8 for the
cantilever beam in mode 1 so that the two coincide at thetip of thereed. It can be seenthat thefitis
quite good.
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FIGURE 7. Reed profile at maximum amplitude calculated from laser vibrometer velocity data. The solid lineisthe
theoretical curve from Rayleighs. Data points are from 4 cm H,O and 6 cm H,0O blowing pressure.

Figures 8 and 9 show two velocity waveforms for a reed as observed with the laser vibrometer
system. At ablowing pressure of 0.8 kPa (approximately normal playing pressure) themotionisstill
nearly sinusoidal. At 1.2 kPa the waveform becomes more irregular, and the amplitude is aso
dlightly smaller.
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FIGURE 8. Thereed velocity waveform for areed (frequency 118 Hz) at 0.8 kPa.
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FIGURE 9. The velocity waveform for the samereed at 1.2 kPa.
VARIATION OF FREQUENCY WITH BLOWING PRESSURE

It is well known to players and tuners that, under normal playing conditions, the frequency of
oscillation of the reed decreasesin an approximatel ylinear fashionwithincreasing blowing pressure.
Laboratory studies of individual reedsin recent yearshave shown that, although thisisthe patternin
the range of normal playing pressure, anomalous behavior occurs at extremely low and very high
blowing pressure. At the very lowest pressures at which the reed can be made to sound thereisa
small region of increasing frequency with increasing pressure. Astheblowing pressureisincreased
well above normal playing levels the frequency levels off and eventually rises. A typical caseis
shown below in Figure 10. It can be shown that this characteristic patternin frequency is predicted
by the damped harmonic oscillator model due to FI etcher providing that aerodynamic forces are
accounted for in the form of a damping/growth coefficient that varies with blowing pressure.™
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FIGURE 10. Frequency vs. blowing pressure for an organ Cs reed (experimental data)
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FIGURE 11. Experimental values of growth/damping coefficient as a function of blowing pressure (Cs reed).

Redlistic results can be obtained from the model if it is noted that, due to aerodynamic effects as
discussed by St. Hilaire, et al, the reed damping/growth coefficient variesasafunction of pressure.”
This beginswith negative values (damping) at |ow pressures, increasesto maximum growth around
1.0-1.5 kPa, then gradually decreases at high pressures. Figure4 shows experimental datafrom the
Wolfinger Cz reed. To simplify the computation, a quadratic approximation to this experimental
pattern was used to obtain the calculated curve shown in Figure 5, which uses parameters close to
those appropriate for the Cs reed. The qualitative agreement with experiment is evident.
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FIGURE 12. Frequency vs. pressure values calculated from the model for C; reed parameters.



EFFECTSOF REED CELL GEOMETRY ON THE FREQUENCY AND SPECTRUM

In areed organ the free reed is mounted above the windchest and is typically surrounded by areed
cell cavity with small cross-sectional areaasillustrated in Figures2 and 3. A seriesof measurements
of the frequency and spectrum of the radiated sound have been made on reeds from American reed
organs mounted on alaboratory windchest, using asimulated reed cell of varyingdimens ons™ The
presence of the reed cell cavity generally results in a lower frequency of vibration at the same
blowing pressure and increased amplitudes of the higher harmonics relative to the fundamental .

Thetermreed cell sometimesrefersto theoverall structure shown in thefigures, but oftenrefers
to the tube like enclosure above the reed with approximately rectangularcross section labeled B. The
air flow direction is down through the reed into the partially evacuated windchest. Each reed is
separated from neighboring reeds by vertical partitions, so that thereed cell effectivdy encloseseach
reed in abox-like structure. The configuration of the reed cell can affect both the spectrum of the
sound produced and the frequency. The width of the reed cell isjust dightly greater than that of the
reed and the height is usually of similar magnitude. The length of the reed cell varies from just
dlightly longer than the reed in some instruments to several centimeters longer in others.

The space bel ow thereed cell and abovethe pallet valve is sometimes consideredpart of thereed
cell. Thisenclosed air space is acoustically significant and in this paper will be referred to as the
lower reed cell. In the measurements discussed in this paper, a mounting block was used
incorporating this lower reed cell volume, but without a pallet valve.

Frequency measur ements. Thefreereed can vibrate asacantilever beam with anatural frequency
of vibration that can be easily determined in the absence of airflow. The natural frequencies of the
reeds used in thisinvestigation were determined both by gentlyplucking and by excitingreed motion
with amechanical vibrator near the rivets at the fixed end

It can be demonstrated that the lower reed cell has a significant effect on the frequency of reed
vibration. A comparison was made between the frequency obtained by plucking or mechanicd
excitation for the following situations: (a) the reed clamped in air; (b) the reed mounted on the
wooden mounting block including the ssimulated lower reed cell. The mounting block is
approximately 7 cm x 12 cm, with thickness 1.8 cm. The opening in the block below the reed (the
lower reed cell) hasdimensions 4.5 cm x 0.8 cm. Theresults of the measurements are summarized
below:

reed fo.- case (a) f- case(b)
Wolfinger C 141.7 Hz 137.0Hz
Williams C# 145.5 138.5
Wolfinger A 463.0 460.9

Thus a great part of the difference between the "natural" frequency of the reed and the frequency
observed when the reed is played in the organ is attributabl e to the presence of the lower reed cell.
The frequency of the reed when driven by airflow at low blowing pressure while mounted on the
windchest is close to, but dightly below, the case (b) frequency. As the blowing pressure is
increased, the frequency of vibration decreases as discussed above.



M easurements were also made with asimulated (upper) reed cell, essentially atube open at one
end with asquare cross section (1.25 cm on aside) and variablelength L. At ablowing pressure of
0.6 kPa, frequency and spectrum measurements of the radiated sound were taken. The microphone
used was located approximately 20 cm to the side and 10 cm above the position of the reed. The
reed cell length was varied from L=0 to L=15 cm. The results of some of the frequency
measurements are shown in Figure 13. It can be seen that the frequency decreaseswithincreasing L
until the end of the reed cell extends a few centimeters beyond the end of the reed. Beyond this
point, the frequency appears to be independent of the cell length.
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FIGURE 13. Frequency vs. reed cell length L for two different reeds.

Spectrum measur ements. The presence of thereed cell resultsin ageneral increasein therelative
levelsof higher harmonicsin the spectrum of the radiated sound. A gquantitative comparison can be
made by cal cul ating the ratios of corresponding harmonics. Figurel4 wasobtainedfrom datafor the
Wolfinger C reed by calculating, for each of the first 34 harmonicsin the spectrum, the ratio of the
amplitude with the reed cell in place to the amplitude without the reed cell present. Theratiosare
displayed as a function of frequency. It can be seen that thereis little difference for the first few
harmonics, up to about 1000 Hz, but that there is a significant increase in relative amplitudes
between roughly 1000 Hz and 4000 Hz. Another significant feature of Figure 14 is that, although
differencesin spectracan be observed for the different L values, the overal patternis quite ssmilar
for al L.
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FIGURE 14. Relative amplitudes of harmonicsfor various L values vs. L=0 (no reed cell).

Summary of results of thesereed cell investigations.
Effects of reed cell on frequency:
e Reed frequency fis substantially lowered below fo by the presence of the lower reed cell
cavity, even in the absence of air flow.
fisfurther lowered by the presence of the upper reed cell (B) of length L.
f decreases with increasing L until the cell extends afew centimeters beyond the end of
the reed.
e For values of L beyond this, f appears to be independent of L.
Effects of reed cell on spectrum:
e Increasein relative amplitudes of harmonics from about 1000-4000 Hz is observed.
e Thesetwo features seem independent of reed frequency for the reeds studied.
e For agiven reed, genera characteristics of the spectrum seem independent of cdl Iength.

CONCLUSION

Most of the experimental results summarized in this paper can be considered preliminary, andfuller
understanding of the acoustics of the reed organ requires considerable further research, both
theoretical and experimental.

In particular, better theoretical models are needed for the excitation and sustained oscillation of
theair-drivenfreereed. Incontrast with other reed instruments, the rate of volumeair flow past the
freereedisquitehigh. For thisreason it appearsthat aerodynamicfactors should be of considerable
importance. Intheonly theoretical attempt thusfar to model thiskind of behavior, St. Hilaire, et al
havetreated theair flow around the reed asessentially two-dimensiond.> Preliminary measurements
of theair flow pattern around the reed mounted on the lab windchest without reed cell verifythat this
is areasonably good approximation. It isclear that this flow pattern is significantly atered by the
presence of the (upper) reed cell, in particular by introducing significant flow above the upper
surface of the reed in the lengthwise direction. Better theoretical modeling and more extensive
experimental work are both needed in this area.



Asnoted above, most of the experimental work done has been on reeds mounted on alaboratory
windchest. Much moreresearch isneeded regarding theinteraction of the reed with itsenvironmert
in the completeinstrument. Possibly related to the effects of the upper reed cell, Fletcher,et al, inthe
context of mouth blown reeds, point out that the volume of air in the reservoir behind the reed can
increasethe damping.* Thereed cell can bein asense considered such areservoir, withtheabsence
of reed cell in the apparatus corresponding to a (nearly) infinite reservoir. Thereed cell also bears
some resemblance to the apparatus used by Johnston, in which a pipe resonator islocated upstream
from the reed in a harmonica™ Yet there are significant differences between the harmonica
apparatus and the reed cell used in thisinvestigation. Ritchie and Plitnik have reported frequency
and spectrum changesin pipe organ reed pipes astheinterior geometry was changed by the addition
of wax to the shallot.** These changesinclude aninitial decreasein frequency and a"brightening of
the tone of the spectra by raising the amplitudes of the higher-order harmonics relative to the
fundamental.” They suggest that streamlining dueto the altered interior geometry may beafactorin
changing the frequency of oscillation. It is possible that thisis a factor in the free reed behavior
reported here.
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