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Introduction

In a traditional pipe organ the pipe ranks consist of labial
(flue) and lingual (reed) pipes. Lingual pipes can be di-
vided into beating reeds (the tongue hits the shallot to
which it is attached once in each period), and free reeds
(the tongue can pass through the opening on the shallot
without mechanical contact). Both flue and beating reed
pipe ranks are sensitive to the blowing pressure, mean-
ing that its variation results in a change not only of the
amplitude but also of the pitch and timbre of the sound.
Thus, in the pipe organ all ranks are tuned and voiced
at a given windchest pressure, and dynamic effects are
achieved by activating different number of stops or using
a swell device. As the latter options are usually not avail-
able in smaller size portable pipe organs, ways to enhance
the dynamic range of single pipe stops are sought.

An alternative “dynamic” lingual organ pipe construc-
tion was proposed recently by the instrument maker, late
Ernst Zacharias [1]. While traditional reed pipes operate
in a blown closed way, dynamic lingual pipes utilize a
blown open tongue. The new construction does not in-
clude a shallot: the pressure tank and the resonator are
connected directly by the tongue. Experimental organ
pipes using this alternative construction were examined
in a recent paper by the authors [2]. A great number
of measurements were carried out in different conditions,
showing that the dynamic lingual pipe construction ex-
hibits a very stable pitch over a large range of windchest
pressures and can have a decent dynamic range of 10—
15dB. In this contribution a physical model of the sound
generation of dynamic pipes is elaborated together with
a time stepping method for computer simulations. The
model is utilized for investigating the effect of various
parameters on the resulting sound. The examination re-
veals the importance of the relative tuning of the tongue
compared to the resonator and helps identifying the pa-
rameters that can efficiently be used for sound design.

Physical model

The longitudinal cross-section of a dynamic lingual or-
gan pipe is sketched in Fig. 1. Pressurized air coming
from the inlet enters the pressure tank that functions
as the pipe foot. Due to the difference of pressures, air
starts to flow towards the resonator through the small
gap formed between the tongue and the support plate.
At the same time, pressure forces deflect the tongue from
its equilibrium position resulting in a change of the cross-
section area through which air can flow. The resonator
can have various shapes; however, in all cases the reflec-
tions of sound waves mean an acoustical feedback onto
the tongue, which leads to self-sustained oscillations if
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Figure 1: Sketch of the components of the dynamic organ
pipe construction with blown open free tongue.

the tongue and the resonator are tuned properly. As
also visible in Fig. 1, increasing the static pressure in the
pressure tank increases the cross-section area of the flow,
thus, the tongue operates in a blown open manner in this
arrangement. In the sequel, the mechanical, acoustical,
and flow models of such a pipe are discussed.

Tongue vibration

The tongue of the pipe is modeled as a homogeneous,
thin, clamped Euler —Bernoulli beam. The equation of
the bending motion is written for the displacement u as
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where g is the external force per unit length, E is the
elastic modulus, [ is the area moment of inertia, ¢ is a
factor that represents internal losses, p is the density, and
A is the cross-section area of the tongue.

Making use of a truncated modal representation u(zx, t) ~
25;1 Gn (t)n (z) using the eigenmodes ¥, (x), a differen-
tial equation is attained for each modal coordinate g, (t)

d?%q, (t)
dez

wt,n dQn(t) _
Qt,n dt
with wt, and Qt, standing for the eigen angular fre-

quency and quality factor of the nth bending mode of
the tongue, and g, representing the modal force.

gn(t) — Wtz,nQn

(t) -

(2)

Resonator

In the frequency range of interest it is useful to treat the
resonator by a one-dimensional model. This waveguide
model consists of straight or conical tube sections with
wall losses and concentrated impedances representing the
radiation conditions. The model computes the frequency
dependent input impedance of the resonator Z;,, i.e., the
ratio of the input pressure p;, and volume velocity Ui,
at the position of the tip of the tongue. For time do-
main simulations, it is advantageous to use the reflection
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Figure 2: Input impedance and reflection function of a

straight cylindrical tube with wall and radiation losses.

function r(t) [3], which is derived from Z;, as

71 {Zin - Zo}

Zin + ZO
where Z; is the plane wave impedance at the entry of the
resonator. By means of the reflection function a relation
connecting pi, and Ui, is attained as

r(t) (3)

T
r(7) [pin(t = 7) + ZoUn(t — 7)] dT,

(4)

Pin(t) = ZoUin(t)+/

0

where T, is a window duration for truncating r(t).

Fig. 2 displays the input impedance and the reflection
function of a straight cylindrical tube with wall and ra-
diation losses. As seen, r(t) has a sharp peak at the round
trip travel time of an incoming pressure pulse. The re-
flection function decays quickly, thus, 7, can be small,
which makes computing the convolution in (4) efficient.

Flow model

The input volume velocity Ui, is the sum of the flow
“pumped” by the oscillation of the tongue Uy, and the
flow through the gap Us:

Uin :Up+Uf~ (5)

U, is calculated from the mode shapes 1, and modal
velocities ¢,. To be able to compute U, we assume that
an incompressible jet of air develops rapidly in the gap,
which detaches from the sharp edges. Thus, the flow
velocity v is found from the difference of the pressure
in the tank pg and that in the resonator p;, using the
Bernoulli equation

2 .
v(t) = \/ o [Po(t) — pin(t)] sign [po(t) — pin(t)],  (6)
where pg is the equilibrium density of air. Finally, the

volume velocity Ut is expressed as

Ur = aneSu(t)v(t), (7)
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Figure 3: (a) Geometrical model for calculating the useful
section Sy. (b) Evaluation of S, with taking different con-
straints into consideration.

with ay. = 0.6 being the vena contracta factor and S,
denoting the so-called useful section.

Millot & Baumann [4] proposed a geometrical model for
computing the useful section, illustrated in Fig. 3(a). If
the deflection shape is known, the useful section is at-
tained as the sum of the three colored areas as

Su = 2Sside + 2Stri + Sfront~ (8)

Assuming a single bending mode being dominant (which
is confirmed by the experiments [2]), S, can be expressed
as a function of the displacement of the tongue. Fig. 3(b)
compares the original model to its adaptation to dynamic
lingual pipes: if the thickness of the tongue and the sup-
port plate are taken into account, S;, becomes asymmet-
ric, affecting the timbre of the produced sound.

To couple the flow model with the vibration of the
tongue, the force per unit length acting on the tongue
is expressed from the pressure difference as

g(t) =b[po(t) — p(t)],

with b denoting the width of the tongue.

9)

As it is visible in Figs. 1 and 3(a), the tongue can be
slightly curved. In the model, this curvature is taken
into account in eq. (1) as a static force g acting solely
on the first bending mode, resulting in the free tip of the
tongue being deflected by an amount of ug at rest.
Computer simulation

A time-discretized system is assembled making use of
equations (2), (4), (5)—(7), and (9). At the start of each
time step, the deflection ¢,, and velocity ¢, of the tongue
is assumed to be known from the previous time step or
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Figure 4: Effect of the relative tuning of tongue and res-
onator on the oscillation properties of a dynamic lingual pipe.

the initial conditions. Then, S, and U, are calculated,
and the combination of (6) and the time-discretized ver-
sion of the convolution equation (4) are solved simul-
taneously for the pressure p;,. Note that the resulting
second order system has only one physically meaningful
solution [5]. Next, the modal force g, is evaluated and
(2) is solved making use of the second order Newmark
scheme [6] to attain an updated deflection and velocity
of the tongue. From these, Sy, Up, pin, and g, are re-
evaluated and the process is repeated until convergence
of g, is attained. This fixed-point iteration is performed
in each time step. In the simulations discussed in the
sequel, a sampling frequency of fs = 192kHz is used.

Case studies

Tongue—resonator coupling

In order to examine the tongue-resonator coupling, a
brass tongue with a length of Ly = 40mm, width
b = 4.5mm, thickness h = 0.3mm, and static deflec-
tion ug = 1.0 mm is connected to a cylindrical resonator
with a length of L, = 555mm and inner diameter of
40mm. The gap size between the tongue and the sup-
port plate is taken as 50 pm while the thickness of the
support plate is neglected in this case. The first eigen-
frequency of the resonator is f.1 = 150Hz, while the
frequency of the tongue is varied from 75 to 300 Hz in
steps of 2.5 Hz by changing its elastic modulus. Thus,
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the input impedance and the useful section remains the
same in all cases, see Figs. 2 and 3(b). Simulations were
performed with different driving pressures pyq.

Fig. 4 depicts the simulation results as a function of the
relative tuning of the tongue. Near f;1/f:1 = 1/2 or 2,
the acoustical feedback of the resonator suppresses the
oscillation of the tongue and no steady state sound is
produced. The highest magnitude of the tongue vibra-
tion occurs where the tongue is tuned slightly above the
resonator. However, in this case the fundamental compo-
nent of the input pressure |pin 1| becomes weak and the
sounding frequency finq depends on the blowing pres-
sure. On the other hand, if the tongue is tuned 1-2
semitones under the resonator, a moderate vibration am-
plitude, a strong fundamental component, and a sound-
ing frequency that is independent of the blowing pressure
is attained, which properties are also desired in practice.
For the latter tuning setup, that is also used in case of the
experimental pipes (see green areas in Fig. 4), the sound-
ing frequency departs from the frequency of the tongue
and becomes close to that of the resonator.

Sensitivity analysis and sound design

Beside the tuning of the tongue and resonator various
parameters are expected to affect the properties of the
produced sound. As mentioned above, the tongue can be
slightly curved which affects the resulting useful section:
the equilibrium position becomes shifted, and in case of
ug > 0, the oscillation occurs in the (quasi)linear regime
of S, [see Fig. 3(b)]. If up < 0 is set, a blown closed
configuration is attained. Similarly, the size of the gap
(hmin) between the tongue and the edge of the opening
on the holder plate determines the minimum value of Sy,
and is thus expected to have a great influence on the
quality of the sound.

Simulations were performed in order to examine the ef-
fects of the parameters ug and hy,. It was found that
while the frequency of the produced sound is only slightly
affected by these parameters, both the blowing pressure
required to reach a steady state oscillation and the tim-
bre can change significantly. Fig. 5 depicts the spectral
centroid of the input pressure as a function of the two pa-
rameters. If ug or Ay, is increased, the minimal blowing
pressure required to achieve a self-sustained oscillation
increases, which is identified by the curves representing
lower py values disappearing in the diagrams. At the
same time, the spectral centroid decreases, and the at-
tack of the pipe becomes slower. For the reed curvature,
the highest harmonic content is achieved near uy ~ 0,
while for the gap size, choosing hpi, < 50 um does not
result in a further increase of the spectral centroid.

Simulation of an experimental pipe

One of the three experimental pipes is simulated using
the physical model. The resonator has a flaring conical
shape, has a total length of 1188 mm and an effective in-
ner diameter of 18.0 to 30.6 mm, yielding the natural fre-
quency fy1 = 102Hz and quality factor Q, 1 = 47.6. The
tongue has a length Ly = 44.4mm, width b = 5.8 mm,
thickness h = 0.35 mm, gap size Ay, = 0.1 mm, curva-
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Figure 5: Effect of the tongue and holder plate geometry
on the timbre of the produced sound. (a) Reed curvature,
hmin = 50 pm. (b) Gap size, up = 1 mm.

ture up = O0mm and material properties £ = 105 GPa
and p = 8860kg/m3. The eigenfrequency and qual-
ity factor of the tongue were found by measurements as
fe.1 = 98.5Hz and Q1 = 108.

The sound generation of the experimental pipe was sim-
ulated by changing the static pressure in the pressure
tank po from 20 to 640 Pa in steps of 20 Pa. The initial
rise of the pressure in the tank follows an exponential
function with the time constant of 7,, = 45ms, in ac-
cordance with the measured data. In the measurements
the pipe produced a stable steady state sound starting
from pg ~ 120 Pa, while the simulation gave a threshold
pressure of pg = 100 Pa. The measured steady state fre-
quency was 108.9 Hz, while the simulation gave 111.0 Hz,
which corresponds to a deviation of 20 cents. The pitch
is very stable both in the measurements (+2 cents) and
in the simulations (£10 cents).

Fig. 6 depicts the quantitative comparison of the experi-
ments and simulations. For the evaluation of the radiated
sound pressure the open end of the pipe is taken as a sim-
ple monopole source in the simulation. As it is visible,
the vibration velocity of the tongue and the level of the
fundamental component of the radiated sound are in very
good agreement, with the simulation reproducing the ob-
served trends very well. However, the spectral centroid
of the radiated sound is much higher according to the
physical model. When comparing with the centroid of
the input pressure at the tongue py, (the purple curve in
Fig. 6), a better match with the observed trends is found.
Therefore, it seems that either the waveguide model or
the simplified radiation model underestimates the losses
at high frequencies. Nevertheless, taking the simplicity
of the proposed model into account, the agreement be-
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Figure 6: Comparison of measurements and simulations of
an experimental pipe at different blowing pressures. Top:
tongue velocity. Middle: level of the fundamental component
of the radiated sound. Bottom: spectral centroid.

tween the experiment and the simulation is pleasing. The
proposed physical model and simulation technique seem
to be useful tools for examining and designing dynamic
lingual organ pipes by means of virtual prototyping.
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