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Abstract

An experimental study of the acoustic radiation of a concert harp is presented. Using a sta-
tionary mechanical excitation placed at one string location, the acoustic radiation of the com-
plete instrument is investigated. Two main acoustic radiation sources are identified: the
soundboard and the soundbox holes. Acoustic intensity vectors are measured in two planes
located in the near field of these two sources, making use of a 3D intensity probe. A detailed
description of the acoustic intensity field radiated by these two sources is given. Calculations of
acoustic power radiated by the soundboard surface and by the soundbox holes allow us to
quantify the relative importance of these two sources. In three frequency ranges, it is shown
that the soundbox holes radiate more than the soundboard. In the first range, it is suggested
that the acoustic radiation of the instrument can be described by two point sources of sound
implying that in this range the harp acts as an equivalent elastic Helmholtz resonator.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Stringed musical instruments generally comprise many couplings and conse-
quently their acoustic radiation can be quite complex. In the case of instruments such
as the guitar and the violin, the acoustic radiation has been extensively investigated
[1,2], but there are relatively few studies related to the harp, despite the fact that it
works in a similar way. The harp (see Fig. 1) is composed of a tapered, stiffened,
roughly trapezoidal thin plate, called the soundboard. The soundboard is fixed on
a thick cone shaped cavity, called the soundbox, and is excited by strings attached
from the central line of the soundboard to the string arm. A column, called the pillar,
connects the string arm and the base of the soundbox and allows the soundboard to
withstand the strings’ tension. Several holes are cut into the underside of the sound-
box to permit access to the back of the soundboard for string mounting. These holes
also permit the soundboard to radiate sound through the back of the instrument,
but, unlike with the guitar, they are not designed to take advantage of the Helmholtz
resonator effect for sound amplification in the low frequency range.

Relatively few studies have been carried out that relate to the acoustic radiation
from the harp. Using the Chladni glitter pattern method, experimental modal anal-
ysis of a small harp of Scotland, called the clarsach, was performed at different
stages of the construction of the instrument: free soundboard, ribbed soundboard,
complete instrument [3,4]. In these studies, several vibratory modes of the sound-
board were obtained. An input admittance map was also measured, to investigate
the ability of a string to excite a soundboard mode, depending on its location and
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Fig. 1. Experimental set-up.
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its fundamental frequency. The relationship between the vibration modes of the
instrument and the radiated sound was not investigated. More recently [5], a modal
analysis of a composite Pandora harp was performed using laser vibrometer meas-
urements on the complete structure (soundboard and soundbox). In the frequency
range studied (0-500 Hz), 13 experimental modes of the soundbox were identified.
From the measured modal shapes, it was shown that the displacement amplitudes
of the soundbox can be of the same order of magnitude as those of the sound-
board. Comparison between a modal basis calculated using the finite element
method and the experimental modes showed a good agreement in terms of mode
shape and frequencies for six of these modes. The influence of the fluid located in-
side the cavity and the influence of the strings on the soundboard modes were not
taken into account in the numerical simulations. The relationships between the
structural modes and the acoustic radiation were also not investigated. Some as-
pects of these relationships were, however, studied experimentally and numerically
for the case of a celtic harp [6]. Using a shaker to provide a stationary excitation,
acoustic pressure was measured on a cylindrical mesh around the instrument (non-
baffled configuration). These acoustic pressure measurements were then compared
with predictions based on the boundary element method, with measurement of the
normal velocity of the soundboard being used as input data for calculating the
radiated sound. For this calculation, the radiation surface was assumed to be in-
serted in an infinite plane and rigid baffle. A qualitative agreement was obtained
for frequencies for which the soundbox vibration level was low compared with
the soundboard radiation level. In order to study the vibroacoustic couplings
which occur on the complete instrument, an analytical model was developed using
a simplified configuration [7]. In this model, the soundbox is assumed to be a par-
allelepiped shaped cavity and the soundboard is assumed to be a rectangular sim-
ply supported plate excited at one point by a harmonic force. Rigid baffles are
introduced in the soundboard plane and in the plane of the soundbox holes in or-
der to obtain an analytically tractable solution. In such a model, the introduction
of rigid baffles leads to an artificial separation of the soundboard radiation and the
radiation from the soundbox holes. The validity of this strong approximation
should be tested using appropriate experiments.

The aim of this study is to provide a description of the acoustic radiation of a con-
cert harp, based on acoustic intensity measurements, in order to identify the main
acoustical sources. Such experimental results can also be used to validate numerical
or analytical models which will be developed in the future. Presentation of the exper-
imental set up and results related to the acoustic intensity field are provided in Sec-
tions 2 and 3, respectively.

2. Experimental procedure
A diagram of the experimental set up used in this study is shown in Fig. 1. A Ca-

macs concert harp (Model Atlantide Prestige, Serial No. 2000.294) was excited using
a shaker which was connected to the soundboard by a stinger. The shaker was
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positioned on the central line of the soundboard close to the A2 string (fundamental
frequency 110 Hz) and provided a broadband noise excitation. Acoustic intensity
vector measurements were then made using a 3D intensity probe comprising four
1/4” microphones arranged in a 2.5 cm side tetrahedron. The acoustic intensity vec-
tor, that is the acoustic power per unit surface area, is calculated from the product of
acoustic pressure and acoustic velocity. Acoustic pressure is the mean pressure over
the four microphones. Acoustic velocity components are determined from the differ-
ences of pressure of the three pairs of microphones. In order to increase the accuracy
in the low frequency range, the microphones were calibrated in pairs using a small
cavity. The harp was placed on the floor of a semi-anechoic chamber, providing a
low noise environment over the frequency range of interest (100-1000 Hz). It should
also be noted that in order to damp the strings’ vibrations, paper (towel) was inserted
between the strings.

By controlling the intensity probe using an automated displacement system, meas-
urements of acoustic intensity were obtained at different positions on two surfaces.
These measurement surfaces are depicted in Fig. 2, where the orientation of the axes
is such that the z axis is normal to the plane of the soundboard. The first measure-
ment surface — the front surface, denoted by Spon 1S @ rectangular area located 1 cm
above the soundboard. It is divided into two domains: the half soundboard Sioard,
whose area is 0.18 m” and a complementary surface, the exterior surface Sy, whose
area is 0.13 m>. The surfaces Spoarq and Sex, COVEr only half of the soundboard plane,
taking advantage of the symmetry about the plane of the strings. The front surface is
meshed by a 8 x 15 grid of measurement points. The second measurement surface,
denoted by Spoles, 1S a rectangular surface of area 0.06 m?>, located 1 cm above the
plane of the soundbox holes. The two measurement planes are located very close
to the soundboard and to the surface containing the sound box holes, to be sure that
the acoustic power which crosses these planes is solely due to the soundboard and to
the soundbox holes, respectively. The hole surface is meshed only by 1 line of 21
measurement points. We denote the five holes of the instrument from 1 to 5 as shown
in Fig. 2.
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Fig. 2. Definition of the measurement surfaces.
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3. Experimental results
3.1. Acoustic power radiated by the soundboard and the soundbox holes

Analysis of the acoustic powers radiated through the surfaces Spoarq and Spoles 18
performed in order to identify useful frequency ranges. Integration of the normal
acoustic intensity vector through one surface S provides the acoustic power radiated
through this surface [8]

s = /7d§ = "I AS, 2= S(I), (1)
S i

where (I)g is the average normal intensity on the surface S. This relation is applied to
define the acoustic power radiated by the soundboard ITyoarq = 2Sboard (DHboard and
by the holes ITjg1es = Sholes (Dnoles- The factor 2 is introduced because measurements
are performed on the half soundboard bounded by the plane of the strings. Prelim-
inary tests have shown that the vibration level measured on the soundbox is suffi-
ciently low compared with the vibration level measured on the soundboard that it
can be assumed that the acoustic power radiated by the soundbox is negligible com-
pared to the acoustic powers radiated by the soundboard and the holes. Therefore,
the total power radiated by the instrument is Ty = Hpoard + Hholes-

In Fig. 3, the measured acoustic powers I1joes and ITyoq.q are plotted versus fre-
quency. A thick line below the frequency axis is plotted when ITy,,.q takes higher val-
ues than I1;,4es. This indicator leads to the definition of six frequency ranges, denoted
by A-F in Fig. 3. In the ranges A (100-220 Hz), C (409-471 Hz) and E (491-553 Hz),
the acoustic power radiated by the soundbox holes is greater than the acoustic power
radiated by the soundboard. In the ranges B (220-409 Hz), D (471-491 Hz) and F
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Fig. 3. Acoustic power radiated by the soundboard surface (thin line), and by the soundbox holes (thick
line). In the frequency ranges A, C and E, acoustic power radiated by the soundbox holes is greater than
acoustic power radiated by the soundboard. In the frequency ranges B, D and F, the opposite result is
observed. Selected frequencies (a)—(k) are related to subfigures of Fig. 5.
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(553-1000 Hz), the opposite result is observed. Such measurements show the impor-
tance of the contribution of the soundbox holes to the total radiated acoustic power.

In Fig. 4, acoustic power is plotted in configurations, where the soundbox holes
are opened or closed by heavy bitumen sheets. It is shown that for almost all fre-
quencies (some frequencies near the particular value of 200 Hz being excepted),
the total acoustic power radiated by the instrument is greater when the instrument
works in a normal way (open holes). Although the soundbox holes were originally
not designed for sound radiation but for string mounting, they do cause an increase
in the total radiated power, especially in the frequency ranges A, C and E.

3.2. Spatial distribution of acoustic intensity vectors

Representative spatial acoustic intensity distributions measured on the front sur-
face, and on the holes surface are shown in Fig. 5 for selected frequencies. These par-
ticular frequencies, which are also indicated in Figs. 3 and 7, allow us to illustrate
some typical results. Several conclusions can be drawn:

1. Spatial acoustic intensity distribution is not uniform over the instrument. In the
low frequency range A (Fig. 5(a)—(d)), the magnitudes of the acoustic intensity
vectors reach maximum values in the bottom part of the instrument (bottom part
of the soundboard and holes 1, 2). The location of this maximum tends to be
shifted to the higher part of the instrument (higher values of y) at higher frequen-

cies (Fig. 5(6)-()).

g 35 h
E s
2
: - Mo when soundbox
15 : ? | & -holes are opened
: f V.- T
: I \ : - _ Iista when stdb@x
05 : ' holes are lesed
0 J

05 I 1 i i I
0 100 200 300 400 500 600 700 800 900 1000

f(Hz)

Fig. 4. Total acoustic power radiated by the instrument when the soundbox holes are opened (thin line)
and closed (thick line).
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Fig. 5. Normal acoustic intensity measured above the soundboard and on the soundbox holes surface at
selected frequencies.
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2. The number of distinct acoustic radiation areas on the soundboard increases with
frequency: one area is observed in range A (Fig. 5(a)-(d)), 2 or 3 in ranges B, C,
D, E (Fig. 5(f)—()) and 4 in range F (Fig. 5(k)).

3. In frequency ranges A, C and E, where the acoustic radiated power of soundbox
holes dominates, acoustic intensity vectors on the exterior surface have significant
amplitudes (Fig. 5(a)—(d), (h) and (j)). This is due to the radiation of the holes
towards the front face of the harp.

3.3. Radiation of the instrument in the low frequency range

In the first frequency range (Range A: 100-220 Hz), it is mainly the bottom part
of the soundboard and holes 1-2 that radiates. In this case, it is convenient to analyse
the intensity field as resulting from a superposition of two point sources of sound:
the first would be located on the bottom part of the soundboard, and the second
on the area of the holes 1-2. The variations of the intensity vector distributions ob-
served between Fig. 6(a) and (c) show that the relative magnitude and phase of these
two sources depend on frequency.

In Fig. 6(a) corresponding to f'= 165 Hz, the intensity vectors on the soundboard
have high amplitudes and are mainly orientated towards the instrument (in the ingo-
ing normal direction, denoted by —z). On the surface of the soundbox holes, inten-
sity vectors are orientated in the —z direction, which is the outgoing normal
direction. These two orientations show that the instrument is radiating like two
equivalent point sources of sound having different acoustic flows (amplitude and
phase). Such a configuration is observed for frequency values between 160 and
177 Hz. Note that the radiation from the soundbox holes leads to an orientation
of the intensity vectors in the +z direction on the exterior surface Sey;.

In Fig. 6(c) corresponding to f'= 182 Hz, the same configuration as the previous
one is shown: in this case, the acoustic intensity vectors on the soundboard have high
amplitudes but are orientated in the outgoing direction (+z). The relative amplitude
and phase between the two equivalent point sources of sound have changed in com-
parison with the configuration for f'= 165 Hz. An intermediate case is presented in
Fig. 6(b): in this case, the intensity vectors on the soundboard surface have ampli-
tudes close to zero.

In the three presented cases (Fig. 6(a)—(c)), it is shown that the part of the front
surface where the magnitude of the intensity vectors is maximum is not located on
the soundboard but on the exterior surface. This observation shows that the radia-
tion of the soundbox holes is important enough to lead to an orientation of the inten-
sity vector in the +z direction for the exterior surface.

A magnified section of the curves presented in Fig. 3 is shown in Fig. 7. It is seen
that the acoustic power radiated by the holes reaches local maxima at f'= 168 and
182 Hz. It can be suggested that these maxima correspond to the two resonances
of an elastic Helmholtz resonator. Such a model is commonly used to describe the
behaviour of the guitar, which is similar to a bass-reflex enclosure in the low fre-
quency range [9,10]. In a more general way, it has been shown that in the low fre-
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Fig. 6. Intensity vector distribution measured on the soundboard (front surface) and near the soundbox
holes at selected frequencies (a)—(c). Details of the intensity vector distribution on the cross-section are also
shown for the same frequencies.

quency range, the radiation pattern of a string instrument that has a sound hole in its
shell is that of a dipole [11]. Such a result can be obtained using a multipole expan-
sion of the sound field outside a sphere which encloses the source. In such a config-
uration, a two degrees of freedom model can be used to describe the oscillators
representing the first top-plate resonance and the Helmholtz air resonance. The
two mechanical oscillators act like acoustic flow sources and lead individually to
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Fig. 7. Acoustic power radiated by the soundboard surface (thin line) and by the soundbox holes (thick
line).

monopole acoustic radiation. In the case of the harp, definition of the equivalent
elastic Helmholtz resonator is not so easy as in the case of the guitar because of
the existence of multiple soundbox holes.

4. Conclusion

The acoustic radiation of a concert harp has been investigated using intensity vec-
tor measurements. Comparison of the acoustic radiated power of the soundbox holes
and the soundboard shows that the soundbox holes do cause an increase in the total
radiated power, especially in frequency ranges A, C and E, despite the fact that they
were not originally designed for sound radiation but instead for string mounting.
The two types of acoustic source interact over the whole frequency range. Analysis
of the spatial distributions of intensity vectors shows that the bottom part of the
instrument radiates mainly in the low frequency range, whereas the upper part radi-
ates mainly at high frequencies. The number of distinct acoustic radiation areas also
increases from 1 to 4 with frequency.

In the low frequency range (100-220 Hz), it is suggested that acoustic radiation
can be described by two equivalent point sources of sound. Their relative amplitudes
and phases can be determined by a two degrees of freedom system describing the
harp as an equivalent elastic Helmholtz resonator. This approach has been success-
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fully used to describe the behaviour of the guitar in the low frequency range. Its
application to the harp is not straightforward because of the presence of several
holes and will be the subject of following works.
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