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In this investigation, three different swell systems known in pipe organs, the swell box, the
crescendo wheel, and the historic wind swell were measured and compared to each other. The
dynamic range of the crescendo wheel was found to be most effective, and for frequencies near
2 kHz the increase in sound pressure level could be up to 50 dB between the softest and the loudest
adjustment. The maximum dynamic range for the wind swell and the swell box were found to be
10–20 dB in the same frequency range. With its step-wise crescendo procedure, the crescendo
wheel simulates the type of orchestra crescendo which is reached by successively adding further
musical instruments. In contrast, the swell box and the wind swell produce a crescendo effect similar
to the crescendo in which individual musical instruments perform a dynamic movement. This type
of crescendo requires a continuous level increase but allows a smaller dynamic range. The
disappearance of the wind swell is not surprising because it offers no advantage over the swell box,
while being restricted to stops with free reeds. © 2008 Acoustical Society of America.
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I. INTRODUCTION

This study reports on measurements on the effectiveness
of different expression devices in pipe organs. For this pur-
pose, data were collected on different swell boxes, crescendo
wheels, and wind swells to determine acoustical reasons for
why these expression devices are used in different musical
contexts. The second purpose of this investigation was to
explain on the basis of these measurements why two of the
three devices, the swell box and the crescendo wheel, are still
in use today, while the third device, the wind swell, is not
commonly used anymore. This study focuses on the German
pipe organ tradition, but the results can be applied to other
traditions as well. To the author’s knowledge, only a small
conference abstract and two brief patent reports have been
previously published on the acoustics of the swell box
�Meyer and Wayne, 1961; Peterson, 1982; Peterson and Mor-
nar, 1983�. The article will begin with a brief history on the
development of expression devices, which will later become
important to follow the conclusions derived from this work.

Soon after the introduction of the orchestra crescendo
during the “Mannheim school” in the second half of the 18th
century, the ability to play a pipe organ expressively became
a major issue in pipe organ building because the pipe organ
was then considered to be an unlively instrument. To over-
come this limitation, one of the leading pipe organ virtuosos
at this time, Georg Joseph Vogler, was dedicated to find a
way to equip the pipe organ with an expression device
�Grave and Grave, 1987�. According to the literature, Vogler
found a solution to his problem while visiting Russia, where
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he was familiarized with free-reed pipes which had just been
invented by Christian Gottlieb Kratzenstein to serve in his
new speaking machine �Kratzenstein, 1780; Ahrens and Bra-
asch, 2002�. In contrast to the beating reeds which are usu-
ally used in pipe organs, free reeds swing through their
mounting frame and aside from having a different tone qual-
ity, their tuning changes only insignificantly when their driv-
ing wind pressure is varied. Vogler realized that when using
free reeds, the so-called gazé or wind swell can be utilized in
pipe organs. The wind swell is a valve with a variable open-
ing that controls the air pressure with which the pipe is sup-
plied. Until Vogler’s discovery, attempts to equip instruments
with a wind swell were unsuccessful, because both beating
reeds and flue pipes change their fundamental frequency au-
dibly when the wind pressure is varied.

Interestingly, Vogler came up with a second solution to
operate the pipe organ dynamically: the swell box. In this
device, the stops are built into a box, which is equipped with
doors that can be opened and closed by a hand lever or pedal
in order to change the sound level of the instrument. While
Vogler was the first person to employ the swell box in the
German pipe-organ tradition, it had already been invented in
England toward the beginning of the 18th century by Rena-
tus Harris or the Abraham Jordans, a father and son sharing
the same name. While it is still not known whether Harris or
the Jordans were the first to build the swell box �Jordan,
2002�, other sources suggest that the cradle of the swell box
might be found in Spain �Bicknell, 1999�.

The third device that was invented to enable a pipe or-
gan to be played dynamically was the crescendo wheel.
Nearly at the same time as Vogler’s discoveries, Justin Hein-
rich Knecht described how to achieve a crescendo effect by
manually adding a number of stops successively �Knecht,
1795�. It took several years after the appearance of Knecht’s

treatise until the first mechanical device in the form of a
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knee-lever system was developed by Georg Christian
Friedrich Schlimbach to relieve the hands from setting the
stops manually �Schlimbach, 1806�. Nowadays, all pipe-
organ stops typically are included in this process, and the
progression of the stops is controlled via a foot wheel, giving
the device its name: crescendo wheel. In modern instru-
ments, the order of stop progression can be programmed
freely. Usually, the crescendo will start with softly intonated
8 and/or 16 ft flue pipes. At the end, loud beating-reed pipes,
for example a trumpet and large stops like the Trombone
32 ft, are added.

Today, the swell box and the crescendo wheel are com-
monly employed in newly built pipe organs, while, with few
exceptions, the wind swell has gone out of use. The descrip-
tion of the acoustic measurements will be divided into two
sections. Section II covers the swell box and the crescendo
wheel, and Sec. III addresses the wind swell as well as the
harmonium. An overall comparison of the swell devices and
a general discussion concludes the paper.

II. CURRENT EXPRESSION DEVICES: THE SWELL
BOX AND THE CRESCENDO WHEEL

A. Methods

For the measurements of the pipe organs, a microphone
�AKG, C-414� was placed outside the pipe organ case in the
auditorium area at a sitting position close to the instrument.
In most conditions, a c-major chord was played for both the
lowest and the highest volume of the swell device. For each
instrument, the sound of a stop or a combination of stops was
captured at a sampling rate of 48 kHz and a resolution of
16 bit, using a DAT recorder �Tascam, DA-P1�. The fre-
quency spectra were calculated from 2 s long samples within
the MATLAB 7.0 programming environment. For this task, the
fast Fourier transform algorithm was applied with a fre-
quency resolution of 0.366 Hz �131,072 coefficients�. To de-
termine the frequency-dependent dynamic range of each ex-
pression device, the following procedure was applied. First,
the two sound samples for the lowest and highest settings
were analyzed using a filter bank with third-octave band fil-
ters. Altogether, 109 Chebyshev Type-I IIR filters were used
with 0.5 dB of peak-to-peak ripple. For the high frequencies
seventh-order filters were used, but the order was gradually
lowered with decreasing frequency until third order at
27.5 Hz to avoid filter instability. The center frequencies
were spaced in semitones from 27.5 Hz to 14 kHz for a fine
frequency resolution. Next, the sound pressure level was
computed for each frequency band, and the smoothed spec-
trum for the lowest setting was subtracted from the smoothed
spectrum of the highest setting to calculate the dynamic
range of the expression device.

Altogether three pipe organs were measured. The largest
instrument measured was the Klais pipe organ of the Audi-
torium maximum of the Ruhr-University Bochum, Germany.
The pipe organ was built in 1998 and is, with 82 stops, one
of the largest concert pipe organs in the area. The second
instrument was built in 1874 by Franz Wilhelm Sonreck for
St. Laurentius church in Essen-Steele, Germany. The pipe

organ was extended and changed several times. In the last
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restoration of 1996, the instrument was brought back to the
state of 1906, the year it had been extended by Klais. The
instrument presently has 37 stops, and the original design
included a crescendo wheel, which was never built for finan-
cial reasons. In this study, the dynamic range of the cre-
scendo wheel was therefore simulated by manually setting
the stop combinations that typically would be addressed with
a crescendo wheel. The third instrument analyzed is a roman-
tic pipe organ with 42 stops built by Eggert in 1905. The pipe
organ is located in the catholic church of Wattenscheid-
Höntrop near Bochum, Germany. The pipe organ was re-
cently restored, and it is principally in the original condition
of 1905.

B. Results

In Fig. 1 �top graph�, the frequency spectrum for a
c-major chord is displayed for the Klais instrument at the
Ruhr-University Bochum. The swell box was open during
the recording, and the chord was played with a stop configu-
ration that is typical for German pipe-organ music: Bourdon
16 ft, Diapason 8 ft, Flûte traversiere 8 ft, Konzertflöte 8 ft,
Octave 4 ft, Flûte octav. 4 ft, Violine 4 ft, Doublette 2 ft,
Nasat 2 2

3 ft, Kleincornet 3f , Plein jeu harm. 3-5f , Basson
16 ft, Tromp. Harm. 8 ft. The bottom graph of Fig. 1 shows
the frequency spectrum for the same chord and instrumenta-
tion except that the swell box was closed during the mea-
surement. In comparison to the open-swell-box case, the par-
ticles in the midfrequency range around 1 kHz are attenuated
by up to 10 dB, while the low frequencies are hardly af-
fected.

To demonstrate this characteristic influence of the swell
box on the pipe organ sound more effectively, the signal
transformation through the swell box was measured for three

FIG. 1. Frequency spectrum of a c-major chord �C2,C3 ,C4 ,E4 ,G4 ,C5� with
a typical German stop combination of the Klais pipe organ at the Ruhr-
University Bochum. Both plots show the relative sound pressure levels �rel.
SPL� in decibels. The top panel shows the spectrum for the open swell box,
the bottom panel the spectrum for the closed swell box.
door positions: fully closed door, half-open door �45° door
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angle�, and fully open door. In each measurement, the
frequency-dependent sound level of a full-range loudspeaker
that was located inside the swell box was measured with a
custom-built dummy head that was placed in the audience
space using a sine-sweep excitation signal. For the analysis,
the recorded signal for the left ear of the dummy head was
used. Figure 2 �top graph� shows the spectral difference be-
tween the half-open and open door configurations versus the
closed door configuration. For this purpose, the magnitude
frequency spectrum for the closed door case was subtracted
from the magnitude spectra for the open-door cases. The
solid line shows the gain for the fully opened swell box, the
dashed line depicts the gain when the doors of the swell box
were opened to an angle of 45°. The largest level increase of
approximately 7.5 dB is found at 1 kHz, below this fre-
quency the level increase drops with decreasing frequencies.
Above 8 kHz, the gain also declines rapidly. The frequency-
dependent level enhancement leads to perceived coloration
and the impression of the pipe-organ sound moving away
when the doors of the swell box are being closed. The mea-
surement verifies the observations that were made for the
analysis of Fig. 1. The bottom graph of Fig. 2 shows the
same measurement, but for a loudspeaker position that was
located 3 m behind the first measurement position. The val-
ues are slightly different from the previous case. In particu-
lar, the second peak at 8 kHz is a few decibels higher.

Figure 3 depicts the crescendo wheel action of the Klais
pipe organ at the Ruhr-University Bochum. The bottom
graph shows the frequency spectrum of the lowest crescendo
wheel setting. In this case, only two stops are activated: Zart-
baß 16 ft and Aeoline 8 ft. When the crescendo wheel is set
to the highest setting, the sound-pressure level increases by

FIG. 2. Spectral difference between the open and the closed door setting of
the swell box �solid line�, and the spectral difference between the half-open
and the closed door setting �dashed line�. In the top graph, the loudspeaker
was placed on the floor of the case near the swell door. In the bottom graph,
it was placed 3 m behind the first measurement position toward the rear of
the organ case. In both graphs, the transfer function between a loudspeaker
placed in the swell box and the left ear of a dummy head is shown for the
Klais pipe organ at the Ruhr-University Bochum.
up to 50 dB at 2 kHz when all available stops are involved in
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this configuration �see Table I�. This relatively high increase
in level results from progressing from mellow flue stops at
the lowest crescendo wheel setting �typically an 8 ft or 16 ft
stop with low sound-pressure level and only little energy in
the higher partials� to louder stops including mixed stops and
reeds when the crescendo wheel is opened. If all stops were
of the same tone quality—of course something that contra-
dicts the organ builders’ goal to create an instrument with a
rich variety of different stops and tone colors—the level in-
crease for doubling the number of stops would only be 3 dB,
if all stops were of the same type �assuming the addition of
two uncorrelated but otherwise identical sound sources�. In
this case the level increase from 1 to 64 stops would have
resulted in a level increase of only: log2�64� ·3 dB=18 dB,
much less than the actual measurement results of up to
50 dB.

The most dominant harmonic in the initial crescendo
wheel setting is the twelfth of the Zartbaß 16 ft at 98 Hz
which has a relative sound-pressure level of approximately
−15 dB �Fig. 3, bottom graph�. In the open crescendo wheel
condition, the level of this frequency component is only a
few decibels higher, while most other partial components
below and above this frequency have increased by tens of
decibels �Fig. 3, top graph�. Figure 4 shows the dynamic
range for the crescendo wheel �top curve, solid line�. As
stated before, the minimum in level difference is found for
frequencies at 100 Hz, while the highest values of 50 dB
occur near 2 kHz with a strong roll-off toward the higher
frequencies. At the low frequencies, the sound pressure gain
is 28 dB at 50 Hz. The three lower curves show the dynamic
range of the swell box for three different stop configurations:
the previously described German setting �dashed line�, a stop
configuration that was oriented toward French pipe organ
music �dotted line�, Konzertflöte 8 ft, Octave 4 ft, Basson
16 ft, Tromp. harm. 8 ft, Hautbois 8 ft, Clairon harm. 4 ft,

FIG. 3. Frequency spectrum of a c-major chord �C2,C3 ,C4 ,E4 ,G4 ,C5� with
open and closed crescendo wheel �top and bottom panel, respectively�. Data
shown for the Klais instrument at the Ruhr-University Bochum.
and a configuration with the free-reed stop Klarinette 8 ft
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only �dash-dotted line�. The variations between the three
configurations can be explained by the different directivity
patterns and locations among the different types of pipes
�compare also Fig. 2�.

FIG. 4. Dynamic ranges for different expression devices of the Klais pipe
organ of the Audimax at the Ruhr-University Bochum, Germany. The three
lowest curves show the dynamic range of the swell box for various stop
combinations. The top curve shows the difference between the lowest and
highest crescendo wheel setting. All values are calculated from differences

TABLE I. Stop disposition for the Klais pipe orga
Bochum, Germany.

I. HAUPTWERK·C2–C7 II. POSITIV·C2–C

Preastant 16 ft Rohrgedackt
Gedackt 16 ft Principal
Principal 8 ft Quintadena
Flûte harmonique 8 ft Portunalflöte
Doppelgedackt 8 ft Unda maris �from
Salicional 8 ft Octave
Pifaro �from C3� 8 ft Koppelflöte
Octave 4 ft Viola
Blockflöte 4 ft Sesquialter 2f

Fugara 4 ft Bauernflöte
Großquinte 5 1

3 ft Quinte

Großterz 3 1
3 ft Mixtur 5f

Qunite 2 2
3 ft Scharff 4f

Octave 2 ft Dulciana

Waldflöte 2 ft Cromhornea

Mixtur 5–7f 2 2
3 ft Klarinetteb

Cymbel 4f 1 ft Horna

Cornet 5f �from G3� 8 ft
Trompetea 16 ft
Trompetea 8 ft
Clairona 4 ft
IV. MANUAL·C2–C7 PEDAL·C2–G4

Bombardwerk
Tubaa 16 ft Principalbaß
Tubaa 8 ft Untersatz
Trompette en Principal
chamadesa 8 ft Violonbass
Trompette en Subbass
chamadesa 4 ft Zartbass

Octave
Flöbaß
Cello
Choralbaß

aStriking reed.
bFree reed.
in the third-octave band spectra.

1686 J. Acoust. Soc. Am., Vol. 123, No. 3, March 2008
Figures 5 and 6 show the same measurements for the
other two examined pipe organs. The data for the Sonreck/
Klais pipe organ in Essen-Steele are in agreement with the
measurements on the Klais pipe organ in Bochum, and again
the dynamic range of the swell box �Fig. 5, lower four
curves� is much smaller than the dynamic range of the simu-
lated crescendo wheel �Fig. 5, upper two curves�. However,
the maximal dynamic range of the crescendo wheel is only
40 dB near 2 kHz, compared to 50 dB for the Klais pipe
organ in Bochum. The smaller range can be explained easily
by the fact that the Sonreck/Klais pipe organ has only 37
stops compared to the 82 stops of the Klais pipe organ in
Bochum �see Table II for the stop disposition of the Sonreck/
Klais organ�. The graph also depicts the strong influence of
the initial stop combination for the crescendo wheel setting.
The dynamic range could be improved by several decibels at
frequencies below 700 Hz, when the combination Bordun
16 ft/Rohrflöte 8 ft �wheel setting 1� was used instead of the
combination Bordun 16 ft/Aeoline 8 ft �wheel setting 2�. For
the swell-box measurements, the dynamic range for the

the Auditorium Maximum of the Ruhr-University

III. RÉCIT C2–C7

16 ft Salicional 16 ft
8 ft Bourdon 16 ft
8 ft Diapason 8 ft
8 ft Flûte traversière 8 ft
8 ft Konzertflöte 8 ft
4 ft Aeoline 8 ft
4 ft Vox coelestic �from C3� 8 ft
4 ft Octave 4 ft

2 2
3 ft Flûte octaviante 4 ft

2 ft Violine 4 ft

1 1
3 ft Nasat 2 2

3 ft
2 ft Doublette 2 ft

1 1
3 ft Kleincornet 3f

16 ft Plein jeu harm. 3–5f 2 ft
8 ft Harmonia aetheria 3f 2 2

3 ft
8 ft Bassona 16 ft

8 ft Trompette harm.a 8 ft
Hautboisa 8 ft
Voix humainea 8 ft
Clairon harmoniquea 4 ft

32 ft Flöte 4 ft
32 ft Nachthorn 2 ft
16 ft Großcornet 3f 102 /3 ft
16 ft Hintersatz 5f 4 ft
16 ft Rauschquinte 3f 22 /3 ft
16 ft Bombardea 32 ft
8 ft Posaunea 16 ft
8 ft Fagotta 16 ft
8 ft Trompetea 8 ft
4 ft Clairona 4 ft
n at

7

c0�
single free-reed stop Klarinette 8 ft �short dash-dotted line�
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is slightly lower for most frequencies than those for the typi-
cal French and German stop combinations �dashed line and
long dash-dotted line�, and the tutti setting �dotted line�. The
French combination consisted of: Flauto amabile 8 ft,
Fugara 4 ft, Oboe 8 ft, Klarinette 8 ft, Sub II/II., while the
German stop combination included the stops: Lieblich Ge-
dackt 16 ft, Principal 8 ft, Flauto amabile 8 ft, Rohrflöte
8 ft, Salicional 8 ft, Flauto traverso 4 ft, Fugara 4 ft, Flau-
tino 2 ft, Harmonia aetheria 3–4f . Again the radiation pat-
terns of the pipes and the distance to the swell door can
explain the measured variations.

The swell box of the Eggert pipe organ in Wattenscheid/
Höntrop provides a larger dynamic range than the other two
measured pipe organs with values above 10 dB for most fre-
quencies �Fig. 6, four lower curves�. The measurement re-
flects differences in constructional details. In case of the Eg-
gert pipe organ, the swell section was placed in a solid brick
enclosure, with only the swell door being a thin wood con-
struction, while the swell boxes of the other two pipe organs
are constructed in the tradition of a free-standing wood-case
design. Within the frequency range from 300 to 4000 Hz, the
dynamic range of the swell box was nearly independent from

FIG. 5. Dynamic ranges of different expression devices of the Sonreck/
Klais pipe organ in Essen-Steele, Germany. The four lowest curves show the
dynamic range of the swell-box settings for various stop combinations. The
two upper curves show the difference between the lowest and highest cre-
scendo wheel setting. All values are calculated from differences in the third-
octave band spectra.

FIG. 6. Dynamic ranges for different expression devices of the Eggert pipe
organ in Wattenscheid-Höntrop, Germany. The four lowest curves show the
dynamic range of the swell box for various stop combinations. The two
upper curves show the dynamic range of the crescendo wheel. The very top
curve includes swell-box action in the crescendo process, while the swell
box was deactivated in the curve second from top. All values are calculated

from differences in the third-octave band spectra.
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the choice of stop combination. Outside this range, all four
curves show strong variations. In general, the single beating-
reed stop Clarinette 8 ft showed the lowest dynamic range
with a formant-like enhancement at 1 kHz, partly because
the frequency range of the stop was exceeded by the fre-
quency ranges of the other combinations. Interestingly, the
pleno combination exceeded a value of 20 dB at 6000 Hz.
The measured French stop combination included the follow-
ing stops: Flaut major 8 ft, Octave 4 ft, Trompete 8 ft, Oboe
8 ft, Clarinette 8 ft, Super II/II, Sub II/II, while the German
stop combination consisted of: Gedackt 16 ft, Geigenprinci-
pal 8 ft, Flaut major 8 ft, Liebl. Gedackt 8 ft, Gamba 8 ft,
Octave 4 ft, Flaut travers 4 ft, Violine 4 ft, Quintflöte 2 2

3 ft,
Waldflöte 2 ft, Mixtur 2 ft 4f ., pleno stop setting: Gedackt
16 ft, Geigenprincipal 8 ft, Flaut major 8 ft, Liebl. Gedackt
8 ft, Gamba 8 ft, Aeoline 8 ft, Vox coelestis 8 ft, Octave 4 ft,
Flaut travers 4 ft, Violine 4 ft, Quintflöte 2 2

3ft, Waldflöte 2 ft,
Terzflöte 1 3

5 ft, Mixtur 2 ft 4f , Trompete 8 ft, Oboe 8 ft,
Clarinette 8 ft, Super II/II, Sub II/II.

The solid curve in Fig. 6 shows the dynamic range for
the crescendo wheel in combination with the swell box. An
additional gain of up to 15 dB can be reached when com-
pared to the same measurement with constant swell-box set-
ting �second curve from top in Fig. 6, short dashed line�.
Without activating the swell box, the maximum dynamic
range is found to be in between the values of the other two
pipe organs with 45 dB at 2.5 kHz. The stop disposition of
the instrument is shown in Table III.

III. HISTORIC EXPRESSION DEVICES: THE WIND
SWELL INCLUDING THE HARMONIUM

A. Methods

Four additional instruments were measured to under-
stand how the wind swell dynamically affects the sound of

TABLE II. Stop disposition for the Sonreck/Klais pipe organ of St. Lauren-
tius in Essen-Steele, Germany, �1874/1906/1968/1996�.

I. MANUAL·C2–G6 /G7

Hayotwerk
(Grand-orgue)

II. MANUAL·C2–G6

(Schwellwerk�
�Récit expressif�

PEDAL·C2–F4

�Pédale�

Praestant 16 ft Lieblich Gedackt 16 ft Contrabaß 16 ft
Bordun 16 ft Principal 8 ft Violon 16 ft
Principal 8 ft Salicional 8 ft Subbaß 16 ft
Flaut major 8 ft Aeoline 8 ft Octavbaß 8 ft
Gamba 8 ft Vox coelestics 8 ft Violoncello 8 ft
Gemshorn 8 ft Flauto amabile 8 ft Superoctave 4 ft
Gedackt 8 ft Rohrflöte 8 ft Posaunea 16 ft
Quintatön 8 ft Fugara 4 ft Trombab 8 ft
Octave 4 ft Flauto traverso 4 ft
Hohlflöte 4 ft Flautino 2 ft
Quinte 2 2

3 ft Sesquialter 2f 2 2
3 ft

Octave 2 ft Harmonia aetheria 4f
Mixtur 4-5f 2 ft Oboea 8 ft
Cornett 4-5f 8 ft Klarinetteb 8 ft
Trompetea 8 ft

aStriking reed.
bFree reed.
free reeds. The first instrument, a pipe organ with 10 stops,
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was established by Steinmeyer in 1883 for the catholic
church in Gebsattel near Rothenburg o.d. Tauber. The Stein-
meyer pipe organ was analyzed for its physharmonica, a
free-reed stop without resonators which is equipped with a
wind swell. Physharmonicas are a speciality of the South
German pipe-organ tradition. The Steinmeyer physhar-
monica is based on the principle of a Schiedmayer physhar-
monica, for which the wind pressure is varied at the outlet.
For this reason, the device is not a pure wind swell but rather
a combination of a wind swell and a swell box, because the
acoustical radiation of the reed sound is affected as well
when the swell is being closed, and the direct connection to
the outside is cut off. Figure 7 clarifies this constructional
detail further. The cross section shows the reed �a�, the tun-
ing wire �b�, and the keyboard valve �c� that is used to ad-

TABLE III. Stop disposition for the Eggert pipe organ in St. Maria
Magdalena, Wattenscheid-Höntrop �1905�, Germany.

I. MANUAL·C2–G6

Hauptwerk
II. MANUAL·C2–G6

Schwellwerk PEDAL·C2–F4

Bordun 16 ft Gedackt 16 ft Untersatz 32 ft
Principal 8 ft Geigenprincipal 8 ft Offenbaß 16 ft
Hohlflöte 8 ft Flaut major 8 ft Subbaß 16 ft
Rohrgedackt 8 ft Liebl. Gedackt 8 ft Echobaß 16 ft
Salicional 8 ft Gamba 8 ft Salicetbaß 16 ft
Unda Maris 8 ft Aeoline 8 ft Octavbaß 8 ft
Octave 4 ft Vox coelestis 8 ft Flötenbaß 8 ft
Rohrflöte 4 ft Octave 4 ft Cello 8 ft
Octave 2 ft Flaut travers 4 ft Choralbaß 4 ft
Cornett 3f 2 2

3 ft Violine 4 ft Contraposaunea 32 ft

Mixtur 4f 2 2
3 ft Quintflöte 2 2

3 ft Posaunea 16 ft

Fagotta 16 ft Waldflöte 2 ft Trompetea 8 ft
Trompetea 8 ft Terzflöte 1 3

5 ft
Clarinea 4 ft Mixtur 4f 2 ft

Trompetea 8 ft
Oboea 8 ft
Clarinettea 8 ft

aStriking reed.

FIG. 7. Cross section through a physharmonika. The air inlet and outlet
regulating valves are drawn symbolically. The typical physharmonica can be
controlled either through an inlet or outlet regulating valve but not through

both. Sketch adapted from Audsley �1905�.
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dress individual reeds. The air flows from the compression
chamber �d� through the reed into the sound chamber �e�.
The amount of airflow can be either controlled at the inlet of
the compression chamber �f� or at the outlet of the sound
chamber �g� as is the case for the Steinmeyer physharmonica.
In the first case, the airflow into the compression chamber is
often controlled through the foot pedals which are connected
to the bellows, rather than through a special valve.

Two further physharmonica stops have been analyzed.
These instruments were recently built prototypes by Ulrich
Averesch �2006�, which merely consisted of c-tone reeds
�see Fig. 8�. Averesch is one of the very few instrument
builders worldwide who builds new replacement reeds for
the restoration of historic free-reed instruments and also of-
fers a physharmonica stop for newly designed pipe organs.
One of the prototypes has relatively large reeds in the tradi-
tion of reed organs with pressure bellows �Type I�. The other
prototype’s reeds were fairly small and designed in the tra-
dition of the American reed organ with suction bellows �Type
II�. In both cases, the reeds were driven with positive wind
pressure provided by a pipe-organ chest �Bernard Koch�. The
dynamic range was determined for a wind pressure range
from 34 to 108 mm H2O. The measurements were obtained
in an anechoic room in which the instruments were placed.
For the frequency spectra, the sounds of the individual reeds
were measured separately and then superposed in an audio
editor.

The fourth instrument under examination was a French
Mustel “art” reed organ. Instruments by Victor Mustel are
considered to be the masterpieces in harmonium building.
Although the Mustel harmonium does not belong to the fam-
ily of pipe organs, it was included in this study because of
the instrument’s known large dynamic range achieved with a
wind swell. Partly for this reason, the art of building harmo-
niums was still pursued for some time after the wind swell in
pipe organs had been abandoned. The Mustel harmonium of
this study was built in 1904 and is owned by Ulrich Avere-
sch, who also restored the instrument.

B. Results

Figure 9 �bottom graph� shows the frequency spectrum
of the Steinmeyer physharmonica �Tone C3� for the closed
wind-swell setting �minimal wind pressure�. The frequency
spectrum is relatively rich in higher harmonics with the

FIG. 8. Physharmonica prototype of Ulrich Averesch �Type I� with five
reeds �tone c� in octaves. The scales are similar to the dimensions of reeds
for a harmonium with pressure bellows.
maximum at the third harmonic, the twelfth. The high-
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frequency energy rolls off at approximately 2 kHz. The top
graph shows the frequency spectrum of the same reed for the
open wind-swell configuration �maximum wind pressure�.
While the first two partial tones are not affected much, the
remaining partials are boosted by up to 15 dB. The fre-
quency selective gain in sound pressure provides the change
in tone color that is typical for the physharmonica.

In the following, the dynamic ranges of the expression
devices are shown as the difference of the third-octave band
filtered frequency spectra of the highest versus the lowest
dynamic setting in analogy to Fig. 4. The dotted line in Fig.
10 shows the dynamic range of the Steinmeyer physhar-
monica. The curve was estimated from five individually
measured c-reeds �C2–C6�. As described in Fig. 9, the most
effective range lies between 300 Hz and 1 kHz with values
between 15 and 20 dB. The boosted frequency region above
4 kHz is less important, because the instrument does not
have much acoustic energy in this frequency range. Below
300 Hz, the wind swell does not have any effect on the am-

FIG. 9. Frequency spectrum of a physharmonica reed �C3� of the Friedrich
Georg Steinmeyer pipe organ in Gebsattel near Rothenburg o. d. Tauber. The
top panel shows the spectrum with open swell, the bottom panel with closed
swell.

FIG. 10. Dynamic ranges for different wind swell devices. The three lowest
curves show the results for the physharmonicas as indicated in the legend,
while the two upper curves depict the data for the Mustel harmonium. All

values are calculated from differences in the third-octave band spectra.
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plitude of the sound. In contrast, the dynamic gain of the
Averesch physharmonica is more gradual than was the case
for the Steinmeyer physharmonica. For frequencies between
100 and 250 Hz, the gain is about 7 dB higher than the mea-
sured gain for the Steinmeyer instrument, while the gain is
less for frequencies between 300 Hz and 1 kHz. In general,
the dynamic gain of the Averesch physharmonica Type I is a
few decibels higher than the second Averesch physhar-
monica. As pointed out earlier the acoustic differences be-
tween the instruments by Averesch and Steinmeyer result
most likely from differences in the mechanical construction.
While the expression of the Averesch instrument was con-
trolled by adjusting the pressure of the wind supply, the
Steinmeyer instrument follows the classical physharmonica
design. In the latter case, the wind exhaust of the physhar-
monica’s enclosure is varied by a shutter, while the wind
supply remains constant. Obviously, this procedure does not
only affect the effective wind pressure that drives the reeds,
but also attenuates the sound of the reeds in a similar manner
to the swell box when the shutter is closed. Unfortunately, it
was not possible to measure the wind pressure of the Stein-
meyer physharmonica for a further comparison with the
Averesch physharmonica. It can be assumed that the builder
optimized the operating range of the wind swell between the
minimum wind pressure at which the reeds responded and
the maximum wind pressure the organ provides. The typical
wind pressure for this type of pipe organ is around 75 mm
H2O, which is below the maximum wind pressure that was
applied to the Averesch reeds. The minimum wind pressure
was above the self-excitation threshold of the reeds, which is
around 30 mm H2O.

The two curves at the top of Fig. 10 show the results for
the Mustel “art” reed organ with and without activated forte
flap �solid line: activated forte flap; long dashed line: deac-
tivated forte flap�. The forte flap is basically an additional
swell-box �see Fig. 11�. The Metaphone was kept open dur-

FIG. 11. Forte system of a Mustel “art” harmonium. The sketch shows the
cross section through the upper part of the harmonium. The top flap shows
the forte flap which can be controlled through wind pressure using the
regulating bellow shown at the top left. Below the forte flap is the so-called
metaphone, a very thin swell door that only affects high frequencies. The
reeds are located below the metaphone.
ing the measurements. The absolute maximum level is found

Jonas Braasch: Expression devices in pipe organs 1689



oniu
at approximately 5 kHz, but here the overall level is not very
high, so that the perceived coloration is not too apparent at
this frequency.

1. Percussion of a Mustel Harmonium

Part of the success of the art reed organ tradition was the
introduction of new techniques to increase the dynamic
range of the expression device. One reason why the dynamic
range of the Mustel Harmonium is larger than those of the
physharmonicas is the use of a percussion device shown in
Fig. 12. The percussion device consists of a hammer for each
reed that excites the reed to support the self-excitation of the
wind-pressured reed when the keyboard is played. This way,

FIG. 12. Percussion of a Mustel Harm
the reeds respond to much lower wind pressures of 5 mm
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H2O compared to the 20 mm H2O that are needed to excite a
reed without percussion. The reason why this technique
never made it into pipe organ design is most likely the very
low overall sound pressure level that is observed at low wind
pressures of 5 mm H2O. The fundamental frequencies of the
pipes were estimated by analyzing the recorded sound files in
MATLAB using the YIN algorithm �de Cheveigné, 2002�. The
wind pressure was determined using a water gauge. While
the art reed organ is often played in small spaces, the result-
ing sound pressure would not be useful in a church or con-
cert hall environment. The percussion device also has a large
impact on the attack transient of the harmonium sound. It
comes as no surprise that it accelerates the attack period �Fig.

m �Harmonium Collection Averesch�.
13�.
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2. Tuning stability of a free-reed pipe

As mentioned in Sec. I, the tuning stability of free reeds
made the wind swell possible. Figure 14 demonstrates the
free reed’s tuning stability with varying wind pressure. While
the free-reed Klarinette 8 ft pipe �Klais, C4� is hardly af-
fected by wind pressure changes from 20 to 120 mm H2O,
the frequency of the beating reed Krummhorn 8 ft �Bernhard
Koch, C3� varies by half a semitone within the same wind-
pressure interval. A similar result for the beating read was
previously published by Plitnik �2000�. In case of the flue
pipe Principal 8 ft �G4�, the frequency variation was found

FIG. 13. Influence of the percussion on the sound of the reed C4 of the stop
Cor anglais 8 ft �left�. The attack is accelerated and all partial tones start
simultaneously compared to the same tone played without percussion �right
panel�. The bottom curve in each graph shows the total time signal, the
curves above the total signal show filtered signals of the single partials as
indicated on the y axis �For details see Braasch and Ahrens �2000��. In both
cases, the expression of the instrument was turned off.

FIG. 14. Frequency variation of three organ pipes at different wind pres-

sures.
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to be more than a semitone for the same wind pressure range,
but there was no linear relationship between wind pressure
and frequency as was the case for the beating reed. The data
are in agreement with previous published literature for the
analyzed wind pressure range �Linhardt, 1960; Verge et al.,
1997�. It should be mentioned that the fundamental-
frequency dependency of flue pipes with changing wind
pressure can vary with design. However, even the most com-
plex mechanisms �see Töpfer, 1888 for details� failed to pro-
duce a flue pipe stable enough in frequency to be used in
conjunction with a wind swell.

It is noteworthy that the free reed can detune, too, if
driven at extremely high wind pressures �see Fig. 15�. This
exception is seldom stated in the literature. The top graph
shows the amplitude of a crescendo played on the Mustel
harmonium. The lower graph shows the corresponding fre-
quency shift of the reed in cents. Keep in mind that this is a
very extreme example for a single low note. To achieve such
a tuning instability, the reed has to be exposed to wind pres-
sures of about 200 mm H2O. Usually, the frequency shift is
less than 5 cent, since pipe organs do not operate at wind
pressures above 100 mm H2O.

Although tuning problems are typically associated with
the wind swell, the two remaining expression devices, swell
box and crescendo wheel, can be troubled by shift in funda-
mental frequency, too, if the device was not carefully de-
signed. Although such a design flaw is very uncommon in
contemporary pipe organs, it has been described in literature
�Sauer, 1824; Erbslöh, 1984�. The pipes in a swell box can
detune through a pressure build-up for the closed swell,
which reduces the effective wind pressure that drives the
pipes. Here, the frequency will become lower when the swell
box is closed. This is especially the case when the volume of
the swell box is very small and the doors close very tightly
�Erbslöh, 1984�. Already in 1824, Sauer described the risk of
detuned pipes, when the swell box is completely sealed up to
improve the dynamic range of the swell box. Of course, the

FIG. 15. The bottom graph shows how the Basson 8 ft C2 reed of the
Mustel Harmonium detunes with increased sound pressure �top graph�. To
demonstrate this effect optimally, the instrument was played with up to the
maximum wind pressure.
pipe organ can detune while using a crescendo wheel as well,

Jonas Braasch: Expression devices in pipe organs 1691



if the wind supply is not sufficient for all pipes when the
crescendo wheel is opened. However, if carefully designed,
the frequency accuracy is sufficient for all three expression
devices described here. The pipes’ frequency shift during the
swell-box activation was in the order of 1 cent for all three
measured pipe organs.

C. Comparison of the wind swell to the swell box and
the crescendo wheel

In Figs. 16 and 17, the wind swell is compared to the
remaining expression devices. Figure 16 compares the dy-
namic ranges for the wind swell, the swell box, and the cre-
scendo wheel. In all three cases, the data were averaged from
all measured samples for each device. The dynamic range of
the Mustel art reed organ is shown separately since its con-
struction differs significantly from the physharmonica de-
sign, namely in percussion and forte flaps. The figure empha-

FIG. 16. Dynamic ranges of different expression devices �wind swell, swell
box, and crescendo wheel�. Each curve shows the average over several
instruments measured as described in the text. Due to its special mechanics,
the curve for the Mustel Harmonium is shown separately from the remaining
instruments with wind swell. All values were calculated from differences in
the third-octave band spectra.

FIG. 17. The crescendo movement of the crescendo wheel �top panel, Eg-
gert pipe organ in Wattenscheid-Höntrop, Germany� and the wind swell of a
Mustel Harmonium �bottom panel�. In both cases the running Fourier analy-
sis of a c-major chord is shown. For every frame, 4096 frequency coeffi-
cients were calculated from a hanning-windowed sample of 2048 coeffi-

cients. The step rate was 1024 samples.
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sizes that the dynamic range of the wind swell in
physharmonicas and the swell box are of the same order—at
least for frequencies below 3 kHz, while the dynamic ranges
of the crescendo wheel and the Mustel Harmonium are sig-
nificantly larger. Although the maximal dynamic range of the
art reed organ and the crescendo wheel is in the same order,
their resulting effect on the music is not comparable. While
the crescendo of the art reed organ remains gradual �Fig. 17,
bottom�—similar to the swell box and the physharmonica—
the increase in sound pressure occurs step-wise for the cre-
scendo wheel with the activation of each additional stop
�Fig. 17 top�.

IV. DISCUSSION AND CONCLUSION

The main reason why swell box and crescendo wheel are
typically found side by side in most larger organs is their
different mode of operation �Berlioz, 1905�. As Ahrens
�1997, 1998, 1999� previously pointed out, the crescendo
wheel simulates the type of orchestra crescendo which is
reached by successively adding further musical instruments.
In orchestral music this principle is often found in Wagner’s
music, and Locher and Dobler �1923� already recommended
the use of the crescendo wheel for pipe organ transcriptions
of his music in 1923. Another, quite extreme, example is
Maurice Ravel’s Bolero, but this orchestration technique can
be found in music of the 18th century as well �e.g., Mozart,
Sinf. KV 319, 1778; or Paisiello, Ouverture Il barbiere de
Sevilla, 1784�. The swell box on the other hand produces a
crescendo similar to the orchestra crescendo in which the
individual instruments perform a dynamic movement. In-
deed, the dynamic range of the swell box of about 10–20 dB
is similar to the dynamic range of the orchestral flute, which
has a practical dynamic range of 15–20 dB according to
Meyer �1990�. While most other orchestral instruments have
higher dynamic ranges, the orchestral flute is the most com-
parable orchestral instrument to organ pipes.

While the acoustical measurements presented here effec-
tively demonstrate existing knowledge on the swell box and
the crescendo wheel, the question remains why the wind
swell disappeared at the end of the 19th century. As the mea-
surements revealed, the crescendo effects of swell box and
wind swell are very similar and the dynamic range is in the
same order, too. To its disadvantage, the wind swell is re-
stricted to operate with free-reed stops, while the swell box
can be applied to a number of different pipe organ stops
simultaneously. At the end of the 18th century, the simulation
of an expressive solo instrument was among the major goals
in pipe-organ building, but later in the 19th century a new
larger pipe-organ type was developed. With the introduction
of the Barker lever and the pneumatic wind chest, the pipe
organ grew in number of stops, achieving a similar aesthetic
to a large orchestra. While the swell box can be used to
create an effect similar to the crescendo of a whole orchestral
body, the wind swell is restricted to a solo instrument or
small ensemble at best.

It is questionable whether constructional details of the
art reed organ can be applied successfully to pipe organs to

increase the dynamic range of the wind swell above that of
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the swell box to bring back interest to this device. However,
the large overall dynamic range of the art reed organ is
reached by exciting the reeds at very low wind pressures
through a hammer device. In the large environments a pipe
organ is typically located in, extremely low sound pressures
would not be very effective in a musical context. The same
problem occurs with double wall/door swell-box construc-
tions, which are usually designed with a general swell box
enclosing the whole organ case which includes a second
swell box for the swell section. A few years ago, Zacharias
�2002a� proposed an interesting design of a wind swell in
which the individual free-reed pipes could be played dy-
namically using a velocity sensitive keyboard, an idea that is
impossible to pursue based on the swell-box idea. Zacharias’
�2002b� design has been incorporated into a new pipe organ
built by organ builder Johannes Rohlf, but it remains to be
seen whether this improvement brings back more attention to
the wind swell in future.
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