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ABSTRACT 

Optical, non contact measuring methods as TV holography, shearography and 
laser scanning vibrometry are used to investigate vibrations of thin shell structures 

with air enclosures. Especially a model of a closed violin body and an open or-
gan pipe are investigated. 

In a numerical investigation to determine the vibrations in a light weight struc-

ture the enclosed air can not be neglected. A one-dimensional model of the en-
closed air, which take the mass and compressibility into account, is presented. 

The model is simple and can be implemented in almost any finite element model. 

Structural vibrations of open organ pipes are shown to be strongly dependent on 

the wall material and the tooling method used during manufacturing. By sound 
intensity measurement it is shown that the mouth and the open top of the organ 
pipe are the main sound sources. 

Key words: TV holography, Shearography, Laser scanning vibrometry, 
Sound intensity, Structural vibrations,  FE-  model of air, Violin, 
Organ pipe 



PREFACE 

This licentiate thesis deals with experimental methods to investigate vibrations 

and sound fields from thin shell structures with air enclosures. The work has been 
carried out at the Department of Mechanical Engineering, Division of 
Experimental Mechanics,  Luleå  University of Technology, Sweden, during the 
years 1994 - 1997. My name before marriage was Anna  Isaksson.  The thesis 
consist of a summary and the following three papers: 

A 	Isaksson,  A., Saldner,  H.  0., and  Molin,  N.-E.,  "Influence of Enclosed Air 
on Vibration Modes of a Shell Structure" Journal of Sound and Vibration 

187(3) pp. 451-466 (1995).  

B 	Runnemalm, A., "Effects of Material Choice and Tooling Methods on 

Structural Modes of Open Organ Pipes" Submitted for publication (1997).  

C 	Runnemalm, A., and  Johansson, Ö.,  "Sound Intensity Measurements of an 
Open Organ Pipe" Submitted for publication (1997).  

Luleå,  February 1997 

Anna Runnemalm 
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1. INTRODUCTION 

In our environment we have a lot of technical constructions which emit sound to 

the surroundings. The sound can be both wanted and not wanted. For example, 

the noise from an engine is undesired and it should be minimised. Other exam-
ples of noise is the sound transmitted through doors and windows in a car cabin 

at certain speeds. In other cases sound can be pleasant, for example, the sound 

from a musical instrument or a loudspeaker. Then we want to know how the 

sound is produced to achieve a better instrument or a more effective loudspeaker. 

In cases mentioned here the sound emission emanates from a shell structure with 

enclosed and surrounding air. 

If the eigenfrequencies and mode shapes of thin shell structures are calculated 

without including the enclosed air, large deviations are found between predicted 

frequencies and measured ones, especially if the shell structure is thin. For such a 
construction the air interacts with the shell. The vibration of the air affects the 

vibrations of the structure and couples vibrations between different parts of the 
construction. Thus the influence of the mass, compressibility and damping of the 

air can not be neglected. In measurements of vibrations of thin shell structures, 

non contact measuring methods are preferable since sensors (with mass and 

damping) mounted on the structure disturb the measurements. In this thesis opti-
cal measuring methods and sound intensity measurements are used to study the 

vibrations of thin shell structures, a violin body and an open organ pipe. Two 
numerical models of the enclosed air are also presented. With better knowledge 

and better numerical models of the interaction between structure and sound field, 

noise can hopefully be reduced and excellent musical instruments can be under-

stood and constructed. 

Vibrations and dynamical behaviour of shell structures have been studied for a 
long time [1-3]. The damping of structural vibrations due to a thin layer of gas 

were investigated by Fox and Whitton [4]. Önsay showed that the eigenfre-
quencies of a plate were affected by a fluid layer [5]. In a  FE-model of an entire 

violin body, Bretos et al. [6] included the enclosed air and showed that the 

eigenmodes were affected. Frendi and Robinson showed that for high excitation 
levels of vibrating plates the acoustic coupling is important [7]. A coupled model 

of a cylindrical structure and the enclosed air were developed by Cheng [8]. 
Experimental studies of the interaction between structures and enclosed air are 
not so frequently reported but there are some examples, see Ref. [4, 5, 9]. TV 

holography and shearography are two non contact and full field optical measur- 
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ing  techniques suitable for modal analysis of sinusoidal vibrations [10-12]. With 
laser scanning vibrometry [13] the object is scanned and the amplitude and phase 

of the vibrating object are measured in a similar way as in ordinary modal 
analysis with accelerometers, but without disturbing the structure. With a special 

set of microphones, the sound intensity emitted by a structure is measured [14]. 
This method is also a scanning technique. 

2. MEASURING METHODS 

Several measuring techniques are used for investigations of vibrations of a struc-
ture. The most common one in modal analysis, is the use of accelerometers. A 

disadvantage with accelerometers is that they interfere with the structure. The 

measurements are then not performed only on the structure itself, but on the 

structure with accelerometers. For a light structure the influence from extra mass 

and damping from cables etc. can not be ignored. Therefore non contact mea-
suring systems are often preferable. In this section such techniques, most often 

optical, are briefly explained. 

2.1 TV holography 

An optical, non contact, real time, and full field measuring technique, suited for 
vibration analysis of sinusoidal vibrating object, is TV holography. The tech-

nique is often referred to as Electronic Holography, Electro-Optic Holography 
or Electronic Speckle Pattern Interferometry (ESPI) in the literature [15]. The 

measuring principle is based on holographic interferometry and is a phased 

stepped interferometric technique. The system used was developed by Karl 
Stetson, earlier at United Technologies Research Centre (UTRC), USA [16, 17]. 

In figure 1 the optical head is presented. The object is illuminated by a 500 mW 
frequency doubled Nd:YAG laser (wavelength 532  nm).  The image field of the 
object interferes with a smooth reference beam from the optical fibre onto a 

CCD-detector. The measurements are presented as interferograms on a monitor 

in real time (30 frames per second), see figure 2. Phase stepping is performed at  
TV-rate  with the piezo electric mounted mirror, PZM, allowing high quality 
interferograms to be presented by an electronic unit. 
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Illumination 

Object beam 
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Figure 1. Optical part of the TV holography system sensitive to object deformations in the 
direction towards the optical head. PZM - piezo electric mounted mirror, BS - 
beam  splitter.  The object is indicated. 

For modal analysis the structure is excited at single frequencies. For non contact 

excitation a loudspeaker or an eddy current exciter can be used. The excitation 
frequency is adjusted until maximum vibration amplitude is obtained and the 

eigenfrequency is determined for each eigenmode. The mode shapes are visua-

lised as  time-average  interferograms, see figure 2, on the TV monitor in real 

time. 
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Figure 2. Interferograms of four structural eigenmodes of an open organ pipe. The black 
fringes connect points with equal vibration amplitude, and the brightest part is a 
nodal line with zero amplitude. The foot and the mouth of the pipes are indicated. 

The interference pattern can be interpreted as contour lines on a map. The black 

fringes connect points with equal vibration amplitude (iso lines) The brightest 
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part are nodal lines with zero vibration amplitude. The two first dark fringes 
correspond to a vibration amplitude of 0.1 and 0.23 gm respectively when using 

a Nd:YAG laser. 

In modal analysis the sharpness of the resonance peak, i.e. the damping coeffi- 

cient, is an important measure. The damping coefficient, 	often measured as 

[18]: 

_ col —032  
— 2(0n  

where con  is the eigenfrequency and  (Ol  and (02 are the two frequencies, one 

higher and one lower than the eigenfrequency, where the vibration amplitude is 

1 
lowered by a factor 	Since the TV holography technique is a full field and 

-V 2 
real-time system it is highly suited for measuring damping coefficients. 

Other advantages with TV holography is that it is a real time method and that it 
does not disturb the vibrating structure with extra masses etc. It is possible to 
measure vibration amplitudes from 0.1 gm up to 2 gm. Numerical evaluation of 

the interferogram is possible using a bias vibration method and computer pro-

cessing. In many cases numerical evaluation is not needed since the mode shapes 

can be interpreted directly from the interferograms on the monitor. A limitation 

is that the method requires harmonic vibrations at single frequencies for modal 
analysis, i.e. it is not possible to measure on a structure vibrating in several modes 

simultaneously. A disadvantage with the method is the requirements of high 
mechanical stability. The measurement system is sensitive to disturbances and is 
therefore mounted on a vibration isolated holographic table. TV holography was 

used both in paper A and  B.  

2.2 Shearography 

Shearography is also a non contact, full field, optical method which measures the 
gradient of the deformation [11, 15, 19]. This method is similar to the TV 
holography technique, mainly the same electronic equipment is used but with 

another optical head, see figure 3. The object is illuminated by the laser and the 
reflected object beam is divided into two beams by a Michelson interferometer. 

One of the two mirrors in the interferometer is slightly tilted. Therefore, two 
images of the same object, slightly shifted (sheared), interfere with each other on 
the CCD detector. Thus two neighbouring points on the object interfere at one 



/ M1 Illumination 

M2 
PZM 

[1 

1-1  
CCD  

Laser 

Object beam 

Vibrations and sound from structures with air enclosures 	 5 

single point on the detector. The gradient of the deformation or vibration, that 

is the difference in amplitude at two neighbouring points divided by the distance 

between the points; — is presented as fringes in an interferogram on the TV 

monitor in real time. Figure 4a shows an interferogram of the vibration of a 
clamped plate obtained with shearography. 

Object 

Figure 3. The optical head of the shearography system. PZM - piezo electric mounted mir-
ror,  Ml  - mirror, M2 - tilted mirror which determines the distance between points 
on the object which are compared. The object is indicated. 

In modal analysis the structure is excited at single frequencies as in TV hologra-

phy. If the vibration is a combination of several modes the deformation gradient 

of the sum of all modes is seen on the monitor. If one mode is dominant, the 

deformation gradient of that mode is measured. Since the interferograms from 

the shearography measurements present the gradient of the vibration amplitude 
they are not so easy to evaluate as those from the TV holography measurements. 

Black fringes now connect points with equal deformation gradient. Figure 4a 
shows an interferogram from a shearography experiment of a plate clamped 

along the right and left edge, vibrating in its third eigenmode. Same mode 
shape measured with TV holography is shown in figure 4b. The deformation 
gradient along the vertical line in the centre of the plate (figure 4a) is shown in 
figure 4c. In figure 4d the corresponding vibration amplitude along the same 

line is shown. Notice that the gradient is the derivative of the amplitude. 
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Figure 4. An interferogram from a shearography measurement of a plate clamped along the 
right and left edge, vibrating in its third eigenmode; (a). An interferogram mea-
sured with TV holography is shown;  (b).  The gradient of the vibration amplitude 
along the vertical line in the centre of the plate;  (c),  and the vibration amplitude;  
(d),  are plotted. 

Shearography is, as TV holography, a full field measuring method that does not 
disturb the structure. Since the deformation gradient is measured, the sensitivity 

is quite different from that in TV holography, and the resolution can be chosen 

by tilting the minor in the optical head - M2 in figure 3. Quantitative evalua-
tion of the interferograms is possible with a technique similar to that in TV 
holography. The system is not as sensitive to disturbance as TV holography. A 

vibration isolated holographic table is not needed in most applications. 
Shearography was used in paper  B.  
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2.3 Laser scanning vibrometry 

An optical, non-contact, point by point measuring technique for modal analysis 

is laser scanning vibrome try, see figure 5. With this technique it is possible to 
measure the "running mode" vibrations, that is when the structure vibrates in a 

combination of several modes simultaneously. The principle of the method is to 

use the Doppler shift of the refracted light to measure the velocity field of the 
structure [131. A narrow laser beam from a HeNe laser at a wavelength of 633 
gm illuminates the object point by point. With two mirrors in the optical set-

up, not shown in figure 5, the laser beam is scanned over the entire object in a 

scanning process to cover the object surface. The reflected beam interferes with 

a frequency shifted reference beam. The frequency content of the signal is anal-

ysed using a Fourier transform method. Each mode of the vibrating object is 

presented as a 3D-plot and the corresponding modal frequency is given, see fig-
ure 6. The results shown in figure 6 are from measurements performed on the 

entire pipe presented as an unrolled flat surface of the circular body. The left and 

the right edge, along the  x-  axis, is the same line along the front side of the pipe. 

Figure 5. The optical set-up for the scanning laser Doppler vibrometer. M - mirror, BS - 
beam  splitter.  
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Figure 6. Vibration amplitudes at two frequencies, 258 Hz; (a) and 516 Hz;  (b),  of a blown 
organ pipe measured with the laser scanning vibrometer. The pipe is shown;  (c).  
Presented is a flat surface of the unrolled circular pipe. The left and the right edge, 
along the  x-  axis, are the same line at the front of the pipe. 

Laser scanning vibrometry is a point by point measuring technique. The mea-

sured area can be set from a computer to cover a suitable part of the whole ob-

ject. The resolution in vibration amplitude of the system is about 5  nm.  One 
great advantage with the system is its possibility to determine modes of vibration 
of an object vibrating at several frequencies simultaneously. Thus eigenmodes 

can be determined at the actual excitation of the object and not only at sinusoidal 

excitation. The relative amplitude between the eigenmodes is also achieved. 
The system is not that sensitive to disturbances, and special equipment like a vi-

bration isolated table is not needed. A disadvantage with the method is that it is 
not a real time system, so the measurement takes some time to perform. 

Numerical evaluation of the measured data is needed before the results are 
achieved. The laser scanning vibrometry was used in a project concerning the 
influence of material and tooling methods on open organ pipes [20]. Paper  B  
and  C  are two parts of the entire project. 

2.4 Sound intensity measurements 

Using a six microphone probe the sound radiation from a vibrating structure is 

measured without disturbing the structure itself [14, 21]. Using a robot for posi-
tioning the probe, the sound intensity is measured at discrete points in front of 
the structure using a multi-channel FFT-based measuring system (LMS Cada-X 
with a HP Paragon front-end). In each point, the mean intensity spectra for  x-, 
y-  and z- direction are determined. The resulting radiation from the structure 
are presented as arrow plots, see figure 7. The length and colour of the arrows 
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indicates the sound intensity level, notice that the length of the arrows are in lin-

ear scale and the colour in dB-scale. The direction of the arrows indicate the 

direction of the sound. Sound intensity measurements was used in paper  C.  

80 

74 

68 

4-- 

/  

a) b) 

Figure 7. The sound intensity field in front of an open organ pipe at the fundamental tone - 
260 Hz; (a) and the second harmonic - 520 Hz;  (b).  

3. NUMERICAL MODELS 

Using Finite Element  (FE-  ) modelling to determine eigenfrequencies and 
eigenmodes, only shell elements which describe the geometry and material 
properties of the structure are normally used. To include the enclosed air in the 

model one has to find a model for the air that can be coupled to the shell ele-
ments. Shell elements have displacement as a degree of freedom, sometimes ro-
tations also are included, but a fluid, like air, has pressure as a degree of freedom. 
This make it complicated to couple these different types of elements. One way 

to work this problem out, which is done in paper A, is to treat the enclosed air as 

mass and spring elements. The elements are placed between the opposite sides of 
the structure and introduce extra mass and stiffness to the entire system. The 
"spring stiffness" of the air is calculated from the approximation of an ideal gas, 

see paper A. This method is very simple, since it makes it possible to include the 
air in any  FE-model, i.e. special fluid elements are not needed. A major disad-
vantage is that the model is one dimensional since the vibrations of the model 
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couples to the air only in one direction. Furthermore, the model does not take 

care of the movement of the air inside the structure under vibration, thus the air 
modes inside the structure can not be calculated. 

In some commercial  FE-programs special fluid elements are accessible. In 
ABAQUS, for example, such elements are included in the code. Using this ele-

ment a problem is that the equation system will be non symmetric since the fluid 

element have pressure as a degree of freedom, and a non symmetric equation 
solver is needed to calculate the eigenvalues. One way to handle this problem if 

there is no non symmetric equation solver available is to calculate the eigenmodes 

of the structure first without the enclosed air. The resulting vibration modes are 
thereafter used as boundary conditions. In the final calculations the harmonic 

response of the structure with the air included is calculated. This can be done if 

the modal shapes do not change when the air is included, compare paper A. This 

method of calculating the harmonic response to find the eigenfrequencies re-

quires much more computer capacity since interpolations between frequencies 

are needed. An advantage is that both the mode shapes of the structure and the 

pressure fields in the enclosure are achieved. In figure 8 the mode shape of and 
the pressure field inside a cylinder with end caps are shown for the lowest  eigen-
frequency. The cylinder is made of aluminium and has a radius of 1.3 m (53 in) 
and a length of 9.3 m (366 in), the shell thickness is 0.76 mm (0.03 in). The first 

eigenfrequency of the cylinder without air is 7.6 Hz, and with enclosed air it has 

lowered to 7.0 Hz. This calculation was performed during a research visit at 

Carleton University in Ottawa, Canada. The model is a cabin of an air craft. 

a) 

Figure 8. Mode shape of a vibrating cylinder with enclosed air vibrating at its first eigenfre-
quency at 7.0 Hz;(a) and the pressure field inside the cylinder;  (b).  One quarter of 
the cross section and half the cylinder length is shown. 
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4. CONTENTS OF THE THESIS  

Violin makers know from experience that the enclosed and surrounding air in-

teracts with the violin body. In paper A the influence of enclosed air on the vi-

bration modes of such thin shell structure was attached. A double symmetric 
model of a closed violin body (no F-holes, bass bar or sound post) was built by a 

experienced violin maker, as symmetric as possible. Using the TV holography 

system the eigenmodes of the body were measured with the structure filled with 

air as well as with a denser gas. Finite element calculations of the eigenmodes 
and frequencies were performed. Two  FE-  models of the structure, one without 
and one with the enclosed gas included as spring and mass elements, were com-

pared to the experimental results. The comparison showed that the enclosed air 
had a significant influence on the eigenfrequencies. The shape of the  eigen-
modes, however, was only slightly affected by the enclosed gas. 

Another thin walled structure with air enclosures are organ pipes. Organ 
builders are quit sure that the wall material have significant effects on the sound 

from the pipes. In a project this influence has been studied [20, 22] and paper  B  
and  C  are two parts of the entire project. Both papers are intended to be pre-

sented at the International Symposium on Musical Acoustics (ISMA'97) in 
Edinburgh in August 1997. 

In paper  B  the effects of material choice and tooling methods on structural modes 
of open organ pipes are studied. The eigenfrequencies and mode shapes of 

eighteen pipes, made out of different alloys and machined with different tooling 

methods but otherwise as equal as possible, were compared. It was found that 

both the wall material and the voicing of the pipes had a significant effect on the 
eigenfrequencies and mode shapes of the pipes. 

In paper  C  the emitted sound intensity from open organ pipes was investigated. 
Does the sound come from the mouth or the open top of the pipe and is it possi-

ble to detect sound from the vibrating pipe walls were two questions to be an-
swered. The sound intensity field in front of the blown pipe for several harmon-
ics were measured and compared. It was found that the mouth of the pipe and 

the open top were the main sound producers. The relative strength between 
them depend on the harmonic. 
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INFLUENCE OF ENCLOSED AIR ON VIBRATION 
MODES OF A SHELL STRUCTURE 

A.  ISAKSSON,  H.  0. SALDNER AND  N.-E.  MOLIN 

Luleå  University of Technology, Experimental Mechanics, S-97187  Luleå,  Sweden 

(Received 28 June 1994, and in final form 22 December 1994) 

Experiments show that enclosed air in a thin walled structure affects some modes of 
vibration significantly. Air coupling between vibrating sides of the structure cannot (always) 
be neglected and frequencies cannot be predicted if calculations are performed as if in a 
vacuum. As a first attempt to include the enclosed air in a  FE  model of a violin body, the 
elastic properties of the air are modelled as a set of one-dimensional non-interacting elastic 
members (columns of air) connecting opposite sides of the orthotropic shell structure. This 
admittedly oversimplified (but easy to formulate) model must be used with great care, since 
it neglects the three-dimensional wave behaviour of the enclosed air. A lower limit of allowed 
frequencies is that which corresponds to a wavelength in air which is much greater than a 
characteristic length of the object. For the violin this lower limit is less than about 600 Hz. 
Optical modal analysis of the real, physical, violin model has been performed by using 
electronic holography. Calculated modes of vibration are compared with experimental ones. 
For the lowest eigenmodes a good agreement between measured and calculated frequencies 
is reached despite the simple air model used. Modal shapes remain surprisingly unaffected. 
For some engineering calculations the simple one-dimensional model might be used. 

CO 1995 Academic Press Limited 

I. INTRODUCTION 

The influence of surrounding air on calculated modes of vibration of plates and shells is often 
neglected [1, 2]. However, air is most often present in experiments. As an exception, see 
reference [3], where the experiments are performed in a vacuum. If the structure is very stiff 
the influence of air might be neglected, but for shell structures such as a car door or a stringed 
musical instrument the influence of the enclosed air has to be taken into account. In this 
paper an admittedly oversimplified model of the influence of the enclosed air is suggested, 
which is easy to formulate and use. However, the model has only a limited range of 
frequencies over which it should be applied. 

Coupling of plate vibrations to an air cavity has traditionally been treated only as lumped 
two- or three-mass vibrating systems or as equivalent electric circuit models [4]. More 
complicated continuous plate—fluid layer systems wth thin layers of air have more recently 
been addressed by numerical methods by several authors [5-7]. 

Vibration modes of stringed musical instruments have been studied experimentally for a 
long time [8-11]. Plate modes of such instruments are usually measured in air. Air resonances 
in the enclosed air have been investigated by using the very stiff walls of the cavity [121. 
Coupling between resonances in the walls and the air volume is prevented here, which 
simplifies the calculation of air modes. 

Optical non-contacting methods have often been used to measure the amplitude 
of vibration of anisotropic plates and for the study of the mechanics of the 
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violin [4, 9, 10, 11, 13-15]. Recently, sound fields generated by impacted plates and by 
harmonically vibrating bodies have been visualized, by using pulsed holographic 
interferometry and TV-holography [16-19]. 

In three master's theses [20-22] at our university, steps to approach a complete numerical  
FE  model of the violin have been undertaken. The main reason for this interest is to be able 
to perform numerical experiments to improve the understanding of the acoustic—mechanical 
behaviour of the violin. In a numerical model one parameter can be changed at a time, 
something which is very hard to do in real experiments with wooden instruments. The first 
thesis, by Tinnsten and  Wiklund  [20], treated free violin plates. A method was proposed to 
determine aisotropic material parameters from the first three modes of vibration of the 
wooden blanks from which the top and back plates of the violin were cut. This method 
has also been used in the present investigation.  Holmgren  [21] later developed a  FE  
model of a closed doubly symmetric violin. Quite large deviations were found between 
some of the calculated and experimentally determined modes. It was obvious that there was 
no point in completing the  FE  model to include the f-holes, sound post and basebar 
(see Figure 1) before these deviations were understood and corrected for, especially since 
these deviations were quite large for the lowest and most interesting modes of vibration of 
the real violin. It was suspected that the enclosed air volume was one reason for these 
deviations. A goal of the present paper is to show that this is the case. This effect and several 
other possibilities that could explain these deviations were recently tested by  Isaksson  [22]. 
An improved  FE  model was introduced which allowed different boundary conditions 
between the ribs and the plates to be tested and which also included a simplified 
one-dimensional  FE  model of the enclosed air volume. This model will be described in more 
detail later on. 

In the experiments to be described, electronic holography was used for optical modal 
analysis of the closed shell structure, the doubly symmetric violin. Two cases were studied: 
one with enclosed air and one with the air replaced by a more dense gas. A  FE  model is 
introduced, based on the admittedly oversimplified model of the enclosed gas volume. 
Different boundary conditions were also studied numerically. Experimental and calculated 
modes are compared, followed by a discussion.  

B  
F 
TP  
R  
SP 
BP 
BB 

(a) 	 (b) 	 (c)  

Figure 1. The violin: (a) frontal view,  (b)  section along the violin, and  (c)  section through the violin at the bridge 
(soundpost position marked), with the top plate,  TF;  back plate, BP; ribs,  R;  F-holes, F; the bridge,  B;  sound post, 
SP; and the bass bar, BB. 
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2. THE DOUBLY SYMMETRIC CLOSED VIOLIN MODEL 

A violin has a complex geometry (see Figure 1). The plates have varying thicknesses and 
are made of different materials. F-holes are cut in the top plate. Inside the violin, a bass bar 
and a sound post are fastened. Fitted to the violin body there is a neck with fingerboard, 
strings, a bridge and a tailpiece. The construction makes the violin unsymmetrical and quite 
complicated to analyze. 

To reduce the number of parameters and to simplify the experiments, as well as to shorten 
the time and complexity of the calculations, a doubly symmetric violin model is constructed. 
It consists only of a top plate, a back plate and ribs. It has the same dimensions as an ordinary 
violin with a Stradivarius top plate "1709 Ernst  Neruda"  [23]. The f-holes are not included. 
The maximum shell height is 13-5 mm and the plate thickness is 2-5-3-7 mm, thinnest at the 
edge and thickest where the shell heights are maximum. The top plate and the back plate 
are both made of spruce and are given the same profile, arching and thickness as is possible 
in the hands of a skilled violin maker. As in a real violin, the ribs are made of maple. The 
model has an enclosed air volume and is doubly symmetric. It has two symmetry planes 
situated in between the left and the right sides of the violin and in between the top plate and 
the back plate: that is, planes through the violin plates and through the ribs. 

3. THE NUMERICAL MODEL 

Since the violin model is doubly symmetric, only a quarter of the violin needs to be 
modelled. Different symmetry conditions along the symmetry planes must, however, be 
introduced in the calculations to allow for all possible combinations. Along the symmetry 
plane through the plates, either symmetry (s) or asymmetry (a) will appear. With a symmetry 
plane through the ribs, the top and back plate will vibrate out of phase, in breathing modes  
(b).  For the asymmetry condition the plates will vibrate in phase, in translating modes (t). 
Thus four combinations will appear, s/b,  s/t,  a/b and a/t. The first part of the notation 
denotes the symmetry conditions at the symmetry plane through the plates, and the latter 
part the symmetry conditions at the plane through the ribs. The finite element  (FE)  code 
ANSYS [24] was used in the calculations. The geometrical model is described in 1-DEAS  
[25]. 

3.1. THE GEOMETRICAL MODEL 

The geometry of the numerical violin model corresponds to the physical model and 
consists of 929 elements and 615 nodal points, without any elements for the enclosed air. 
The stiffness of the connection between the plates and the ribs is unknown and is described 
either as being fixed (F) or as being simply supported (SS) in two different numerical models. 
The truth is probably somewhere in between. 

The top plate is formed as a shell with varying thickness, and is therefore modelled with 
shell elements. The ribs are instead modelled with solid elements, which makes it easy to vary 
the boundary conditions between the top plate and the ribs. To achieve the simply supported 
connection, the plate and the ribs are connected edge to edge. To acheve the fixed boundary 
condition, the plate is modelled to cover the ribs. All nodes at the top of the ribs are then 
connected firmly to the plates. This makes the top plate slightly smaller for the simply 
supported case. 

Inside the physical model there are six corner blocks, which are modelled as solids in the 
numerical model. The complete  FE  model is shown in Figure 2, in which the blocks are 
shaded grey. This figure also shows some of the elements which describe the enclosed air. 
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Figure 2. The  FE  model of the double symmetric violin. The enclosed gas is approximated with one-dimensional 
columns inside the violin. The solid corner blocks inside the violin are shaded grey. Dimensions in mm. 

3.2. A SIMPLE NUMERICAL MODEL OF THE ENCLOSED AIR 

It can be argued that when the violin plates are vibrating in phase (with asymmetric 
symmetry conditions through the ribs, translating modes) the enclosed gas will be pushed 
back and forth, more or less as a translating mass (at least for the first modes of vibration; 
compare Figures 3(b) and 3(d). On the other hand, when the symmetry conditions through 
the ribs are symmetric, the violin plates are vibrating out of phase, and then the enclosed 
air will be compressed and decompressed and will more or less act as a spring (compare 
Figures 3(a) and 3(c), so one has breathing modes. To achieve this behaviour in the 
calculations the air is simply modelled as being a number of columns with mass and elasticity 
equivalent to those of the air, connecting symmetrical parts of the top and the back plates. 
This simplification makes the gas model one-dimensional. It is also very easy to implement 
in the  FE  model. Some of the columns connecting the top and the back plates are shown 
in Figure 2. 

This model is admittedly oversimplified, since it does not take the three-dimensional wave 
propagation of sound in air into account. It will, for the lowest eigenmodes, most probably 
be restricted to frequencies which have a corresponding wavelength in air much larger than 
a characteristic length of the object. If this length for the violin is set to 0.25 m, it gives in 

(a)  (b) 

(c) 	 (d)  

Figure 3. A section through a box showing the principal appearance of the modes with plates vibrating out of 
phase, 01 to the left (a,  c)  and s/1.2 to the right  (b, d).  The plates are either simply supported (a,  b),  or fixed  (c, d)  
at the ribs. The dashed line indicates the amplitude of vibration of the box. 
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TABLE 1. 
Parameters of wood used in the calculations: Young's modulus  E,  shear modulus  G,  Poisson's 
ratio v, and density  p,  index 1 is along the fibre direction and indices 2 and 3 are in the two 

orthogonal directions  

Spruce 1205. 0-551 0.587 0-03 0-00001 397 
Maple 111 0-892 1-12 002. 0-00001 561 

our case allowed frequencies of below, say, 600 Hz. If this is assumed to be correct, the model 
could include the important fundamental breathing mode (later called 0)1) which showed 
the largest deviation from experiments if calculated without the air being taken into account. 

As already stated, this model is primarily designed to obtain a better estimation of mode 
frequencies in the lower frequency range and to be a first step towards a more refined 
three-dimensional model. This present model cannot predict air resonances in the cavity 
itself, which of course also would be preferred. 

3.3. MATERIAL PARAMETERS OF WOOD AND GAS 

The violin is made out of wood and is modelled with an orthotropic material. Both plates 
are made of spruce and the ribs of maple. The material parameters of the wood are shown 
in Table 1. These parameters were determined from the first three modes of vibration of the 
blanks from which the plates and the ribs were cut; see references [11, 15]. 

The enclosed gas is treated like a set of one-dimensional columns with density and stiffness. 
The equivalent Young's modulus,  E„,  for a column is determined from the relation  

k =-- E„AlL,  (1) 

where  kis  the stiffness, and A and L are the area and the length of the column. The equivalent 
gas stiffness  k  is determined with the assumption that the gas is ideal. For the assumed 
adiabatic conditions, Poisson's equation is valid 

pV" = constant, 	 (2) 

where  p  is the additional gas pressure above atmospheric, V is the volume and lc is the ratio 
of the heat capacitivities  c,  and  c,  (called the adiabatic constant). 

Differentiation of equation (2), and assuming that the change in volume 4 V is much 
smaller than the volume V, gives the equivalent gas stiffness as  

k -= pokAIL,  (3) 

where Po  is the atmospheric pressure. 
Equation (1) and (3) give the equivalent Young's modulus used in the calculations for the 

gas:  

E„  = po x. 	 (4) 

Three cases were studied: without enclosed gas, with air as the enclosed gas and with a 
denser gas. The latter gas is a  freon,  called KLEA134a. Parameters for the gases are shown 
in Table 2. 
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TABLE 2 
The equivalent Young's modulus,  E„  calculated from equation (4), the density,  p,  and the 

adiabatic constant  K,  for two gases; the gases are air and KLEA 134a, a  freon 

P 
Gas 	 K 	 (MPa) 	 (kg/m3) 

Air 	 1.4 
	

0-1418 	 1.29 
KLEA134a 	 1.11- 	0.1114 	 4.2 

Uncertain value, estimated from the Molier diagram. 

4. OPTICAL MODAL ANALYSIS BY USING ELECTRONIC HOLOGRAPHY 

A non-contacting measuring technique which does not disturb the structure to be 
investigated is preferred. A phase-stepped speckle interferometric technique called electronic 
holography has been used; see Figure 4. Names such as electronic speckle pattern 
interferometry (ESPI), electro-optic holography and TV-holography are commonly found 
in the literature for similar techniques. The system used was developed in the U.S.A. by 
United Technologies Research Center (UTRC) [26]. The violin model is illuminated by a 
500 mW frequency doubled Nd :YAG laser (wavelength 532  nm).  The image of the violin 
interferes with a smooth reference beam  (RB)  from an optical fibre on to a CCD camera. 
The piezo-mounted mirror (PZM) in the reference beam introduces optical phase steps of 
90 degrees between subsequent images. The four latest images are treated by an image 
processor and presented as interferograms on the monitor in real time (30 frames per second). 
A host computer controls the image processor and the phase stepping mirror, PZM. 

The violin is excited at a single frequency. The excitation force is applied by using a coil 
and a permanent magnet. A small magnet (0-5  g)  is waxed to the surface of the violin model. 
A sinusoidal current through the coil gives, via a small air gap, an excitation force. For each 
mode the excitation force is applied at an  antinode.  

An interferogram showing both plates and one side of the ribs as presented by the system 
is shown in Figure 5. Each fringe seen on the surface of the violin model connects points 
which are vibrating with equal amplitude in the observation direction. Going from one such 
fringe to the next gives a change of about 0-13 gm in amplitude. The brightest parts in the 
interferogram are nodal lines with zero amplitude. 

From the interferogram in Figure 5, it is not possible to say if an  antinode  is a "hill" or 
a "valley": that is that they are in-phase or out-of-phase with each other. The second PZM 
mirror, in the illumination beam  (IB),  is used to find this important phase relation. This  

OB  

II 
II 

II 

II 

Ii 

       

       

Figure 4. The optical configuration of the electronic holography system. The violin is illuminated and imaged 
via two mirrors, so that both plates and the ribs can be studied simultaneously; see Figure 5. Illumination beam,  
IB;  object beam,  OB;  reference beam,  RB;  optical fibre, OF; beam  splitter,  BS; piezo-electric mirror, PZM; mirror, 
M; shielding, S. 
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Figure 5. An interferoaram of the first s/b I vibration mode (the breathing mode). Both top and back plates are 
seen vibrating as are the ribs, via mirrors. The top and back plates vibrate out of phase. Fringes connect points 
with equal amplitude of vibration. 

mirror is set to vibrate at equal frequency. amplitude and phase as parts of the object, as 
a bias vibration. These parts of the object will then act as new nodal lines. The real nodal 
lines will be given a number of fringes that correspond to the amplitude of the bias vibration 
of the PZM. By switching the bias vibration on and off, the phase of the  antinodes  can be 
determined from the increase or decrease of the number of fringes in each anti-node. This 
facility is needed for the study of complicated modes of vibration of the object and is of great 
help when the object is imaged via mirrors which always exchange left and right in the image; 
compare Figures 4 and 5. Unfortunately, the mirrors available for the experiments for 
viewing the violin model (compare Figures 4 and 5) were not large enough. Therefore, in 
the interferograms shown in Figures 5-9 small parts of the violin are missing in the top and 
lower parts. Care has been taken to ensure that no essential information is lost in this way. 

To reduce the speckle noise and thus improve the quality of the interferograms, speckle 
averaging is performed. A number of interferograms are averaged to produce the final 
picture. Each interferogram is given a slightly different illumination direction to give a 
different speckle noise. The interferograms may be recorded on videotape, printed on paper 
or stored in the host computer memory. Numerical evaluation of the vibration amplitude 
distribution can also be performed by recording three inteferograms, without bias, with 
positive bias and with negative bias, together with a post-processing routine [27]. 

5. CALCULATED AND EXPERIMENTAL MODES OF VIBRATION 

The material parameters of the wood together with the  FE  model of the free—free top plate 
were first checked by calculating the first three modes of vibration. A comparison was made 
with experimental modes of vibration. It was found that all calculated values were only 
slightly higher than the experimental ones. Therefore the free—free plate model was 
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considered to be good enough. This is an important check, since the plate model constitutes 
a major part of the complete violin. 

With the complete  FE  model of a quarter of the doubly symmetric violin body and for 
the material parameters of the spruce and maple as shown in Tables 1 and 2, a series of 
calculations and experiments were performed. In Table 3, a selected number of experimental 
and calculated results are summarized. In Figure 10 below are shown corresponding 
calculated mode shapes, without enclosed air, of the fixed violin model (F; Table 3, column 
3), in a frequency sequence. 

Calculated (left) and measured (right) shapes of the first two modes for each symmetry 
condition (s/b,  s/t,  a/b and a/t) are shown in Figures 6-9. Note the similarity between modal 
shapes of calculated and experimental modes of vibration. It was found that the shape 
remained almost the same whether the plate was simply supported or fixed to the ribs, and 
whether the enclosed cavity was filled with air or with more dense gas. The modal frequencies 
changed considerably, however. 

Of special interest are the two modes s/b 1, as shown in Figure 6(a) and s/t2, as shown in 
Figure 7(b). The first is often called the breathing mode, since the plates move out of phase 
while in Figure 7(b) they move in phase; compare also Figures 3(a) and 3(c) with 3(b) and 3(d). 
These modes are especially interesting when the enclosed cavity is filled with different gases, 
since their behaviour should be different regarding the change in resonance frequencies. 

The experimental frequencies with the air filled cavity (Table 3, column 2) can be compared 
with calculated frequencies without air for simply supported (SS) and fixed (F) boundary 
conditions, given in column 3. It can be seen that measured results most often are found 
in the interval between them, especially for translating modes (t). Quite large deviations can 

TABLE 3 
Calculated and experimental eigenfrequencies of the doubly symmetric model of the violin; 
simply supported (SS) and fixed (F) boundary conditions between plates and ribs; 
s/b—symmetrical breathing mode, sit—symmetrical translating mode, alb—asymmetrical 

breathing mode, a/t—asymmetrical translating mode 

Symmetry 
condition 
and mode 

number 

Experiment, 
with air 

(Hz) 

Calculated 
(SS/F) 

without air 
(Hz) 

Calculated 
(F) 

with air 
(Hz) 

Experiment, 
with 

KLEA134a 
(Hz) 

Calculated 
(F) 

with 
KLEA134a 

(Hz) 

s/b 1 431 293/353 430 431 411 
2 827 563/679 723 — 711 
3 988 1011/1095 1123 — 1112 
4 1133 1059/1186 1209 1199  

s/t  I 477 472/520 519 — 515 
2 788 750/900 896 769 884 
3 939 865/1009 1002 — 984 
4 1177 1099/1135 1129 1113 

a/b 1 622 525/636 678 666 
2 847 658/800 839 827 
3 1222 977/1095 1122 1110 
4 1519 1245/1389 1408 1399 

a/t 	1 413 412/448 446 442 
2 920 740/863 859 850 
3 1061 1043/1075 1071 1061 
4 1164 1033/1211 1205 1186 
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353 Hz 

1009 Hz  
s/t  3 
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1095 Hz 
s/b 3 

1095 Hz 
alb 3 
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1211 Hz 	1389 Hz 
a/t 4 	 a/b 4 

448 Hz 
	

520 Hz 
	

636 Hz 
s/t  1 

863 Hz  
alt 2 

alb 1 

900 Hz 
sit 2 
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800 Hz 
alb 2 

sib 1 

I®  

679 Hz 
s/b 2 

463 

Figure 10. Calculated mode shapes of the doubly symmetric violin model, with fixed boundary conditions and 
without enclosed air, in a frequeny sequence. 	, Nodal lines; and  e, e,  phase and anti-phase regions. All 
asymmetric modes (a) have a nodal line along the symmetry line through the plate. 

be found. Especially for modes s/bl and s/b2 the experimental frequencies are considerably 
( > 20%) higher than calculated. Commonly the modes with symmetry against the ribs, the 
breathing modes (s/b and a/b) have experimental frequencies slightly higher than calculated 
ones. 

Calculated frequencies when the one-dimensional model of the air filled cavity is used, 
column 4, are closer to the experimental ones than those in column 3. This is especially true 
for mode s/b 1 , but most other modes are brought closer to the experimental values. The 
deviations are smaller than about 10% in most cases (largest deviation 14%), a much better 
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result than earlier. In the calculation the plates are fixed to the ribs. In Table 3, column 4, 
calculated frequencies are increased for those modes which have symmetry through the ribs, 
the breathing modes. In the other modes only a small decrease of the frequencies are detected. 

Mode s/b 1 , the first breathing mode with the plates vibrating out of phase, is affected 
mostly by the spring stiffness of the enclosed gas. In mode s/t2 the plates are vibrating in 
phase, and the frequency is slightly lowered by the mass of the enclosed gas. 

When the cavity is filled with a denser gas, a  freon  called KLEA134a, the experimental 
frequency stays the same for mode s/bl and drops slightly, 19 Hz, for mode s/t2; see column 
5. The calculations with the denser gas, column 6, show a slight drop in frequency for both 
modes compared to their air filled cavity values. This behaviour can be explaind by the 
decrease in stiffness and increase in mass of the gas elements used in the calculations. The 
value  K  = i i of the adiabatic constant for KLEA134a used in the calculations, is however 
very uncertain. The value for air is lc = 1-4. This value of ic for KLEA could very well be 
higher and closer to that of air. It can be noticed that with a heavier gas, mode s/t2 drops 
in frequency both in the experiment and in the calculation and that all other modes with 
asymmetry through the ribs, the translating modes  (s/t  and a/t), are of decreasing frequency. 

6. DISCUSSION 

Modal shapes remain surprisingly unchanged for the different boundary conditions used 
as for different gases. Calculated and measured modal shapes are almost identical. Results 
indicate that the amount of support of the top plate to the ribs is somewhere in between fixed 
and simply supported. Furthermore, the influence of the enclosed air volume is not 
negligible. Measured frequencies with air are up to 20% higher than calculated without air. 
Numerical eigenfrequencies correspond quite well to experimental values for modes of 
lowest order when the simple one-dimensional model of the air is included. This model does 
not consider the air flow along the plates, something which occurs for some modes. However, 
even with the simplistic gas model used, the frequencies of higher order modes are shifted 
and getting closer to experimental values. A more dense gas of the  freon  type was used to 
fill the enclosed volume instead of air. Calculated and measured eigenfrequencies were then 
reduced for those modes which result in a translation of the enclosed volume of gas; that 
is, the  s/t  and a/t modes. For modes such as the "breathing mode" when both plates move 
out of phase the frequency is slightly raised. The enclosed air is thus quite well described 
by the air model used for the lowest eigenmodes. 

This one-dimensional model of the gas as columns inside the cavity assumes that there 
is no flow, or a very small amount of air flow, between neighbouring columns. This is true 
only when the plates move as pistons. In real modes of vibration for a shell, with nodal lines 
and anti-nodes, this model will probably behave as being too stiff. On the other hand, we 
have not included the surrounding air in the model. It can thus be argued that our simple 
model is being both too stiff and too weak, and this may be why it seems to work so well. 
It also, of course, neglects the 3-D wave propagation in the air.  

Jansson  [12] has measured air modes of a violin-shaped cavity very similar to our doubly 
symmetric model. These experiments were performed with rigid walls. With flexible elastic 
walls the resonance frequencies can be expected to drop. These modes should also be able 
to interact with plate and body modes studied in this paper; see Table 3. We have observed 
such interaction between air modes and plate modes in our experiments, but it is necessary 
to perform further studies of these phenomena. The interaction details are beyond the 
purpose of this paper but the present qualitative observations indicate one should continue 
the search for a more refined model of the air. 
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For future numerical studies a more general air model that includes the effect of the 
enclosed and the surrounding air is desirable. In a commercial  FE  program, ABAQUS [28], 
it is claimed that this should be possible to achieve. However, this program has not been 
available to use and these possibilities have not been checked. 

7. CONCLUSIONS 

Large deviations ( > 20%) are found between calculated and experimental resonance 
frequencies for modes of vibration of a closed shell structure with enclosd air (a doubly 
symmetric violin body) if the calculations are performed as if a vacuum were enclosed. The 
modal shapes are, only slightly affected however, by the enclosed air and also surprisingly 
unaffected by the joining conditions at the ribs. These results show that the air has to be 
included in the numerical model if resonance frequencies are to be predicted. 

To achieve this a numerical model which takes the effects of the enclosed air into account 
is needed. As a first, admittedly oversimplified, approach a model is proposed in which the 
enclosed air is replaced by a set of one-dimensional elastic columns connecting the opposite 
two sides of the shell. This model adds mass in the case of vibrations in which the opposite 
plates move asymmetrically (i.e., translating in the same direction) and adds stiffness when 
they move symmetrically (i.e., breathing modes). By using this model, a quite good 
agreement between calculated and measured frequencies has been obtaned for the first modes 
of vibration. Even higher modes of vibration are (surprisingly enough) predicted closer to 
experimental values. 

However, the air model completely ignores the role of transverse motion of air in the cavity 
and cannot predict resonances in the air space, which also is an effect of great importance. 
It does not describe the 3-D wave propagation which takes place in air and this limits its 
applicability to wavelengths in air which are much longer than a characteristic length of the 
object. The one-dimensional model used should, however, be looked upon as a basis for 
the development of more refined three-dimensional air models. For some engineering 
applications the simple model may be accurate enough. It is very simple to implement it in 
the calculations. 

Optical modal analysis by using electronic holography is a powerful method to determine 
modal shapes of the object. Via mirrors, several sides of the object can be viewed 
simultaneously. Amplitude charts and phase charts are obtained so that the phases of 
opposite sides can be monitored. It is a non-contact, non-destructive and field method. Data 
are stored, treated and presented by a computer which is of invaluable help in the comparison 
with  FE  calculated modes. 
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Abstract 
How are wall vibrations of organ pipes influ-
enced by material choice and tooling methods? 

Six groups of three equally made diapason organ 
pipes (tuned to C4 at 260 Hz) fabricated out of 
two different alloys and with three tooling meth-
ods are investigated. All experiments are per-
formed with the pipes mounted in an experi-
mental organ. Results from the following 
experiments are compared; 

- Modes of vibration for external sinusoidal exci-
tation of the walls, so called free structural 
eigenmodes, are measured using TV holography, 
a non contact, optical, full field measuring 
method. These measurements are performed both 
before and after voicing of the pipes. 

- The pipes are externally excited, sinusoidally, at 
the fundamental frequency and five higher har-
monics (0*260 Hz where  n  =1, 2, ..., 6) of the 
blown pipe. Forced structural modes of vibration 
at those frequencies are measured, again using TV 
holography. 

- Structural modes of vibration of the blown 
pipes are measured. This time Shearography is 
used, another optical non contact measuring 
method. 

The results show that structural vibration modes 
are affected by the choice of material and tooling; 
a pipe with a higher tin content has higher  eigen-
frequencies. It is also shown that the voicing 
process favours certain modes of vibration in the 
pipes. 

1. Introduction 
Organ pipes have been manufactured in 
many different ways during the centuries. 
Much of the knowledge of how pipes 
were made in former times, tooling meth- 

ods and surface treatment, is gone. Pipes 
made in different ways sound differently. 
The differences are easily noticed by well 
trained musicians but have not fully been 
explained by earlier investigations. Miller 
[1] showed the influence of the wall ma-
terial by filling a double-walled metal pipe 
with water. Boner and Newman [2] 
studied the sound spectra from pipes 
made of different materials. They con-
cluded that the cylinder material had neg-
ligible effects on the generation and 
emission of sound from the mouth and 
the top of the flue pipe and that the emis-
sion from the walls probably is small in 
comparison with that from the mouth and 
top. An investigation by Backus and 
Hundley [3] showed that the wall vibra-
tion does not affect the internal standing 
waves in the pipe and concluded that the 
steady tones of organ pipes are not af-
fected by wall vibrations. Still there is no 
good explanation why we can distinguish 
between two pipes made out of different 
materials. Fletcher and Rossing [4] as-
sert that the wall vibration has to be rea-
sonably large to have any significant 
contribution to the radiated sound. They 
also say that the response of the pipe wall 
at the sounding frequency of the pipe is 
dominated more by wall thickness than 
by the material of the wall. 

This investigation deals with the three 
questions: 

How does the pipe structure behave? 

Is the vibration of the structure affected 
by the material of the wall? 

How is the wall vibration influenced by 
the voicing? 
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To our disposal we have six groups of 
pipes made out of two different alloys 
and with three tooling methods. There 
are three pipes in each group made as 
identical as possible. Three experiments 
are performed. First the free structural 
eigenmodes of the pipes are measured be-
fore and after voicing of the pipes. Then 
the wall vibrations of the pipes, forced to 
vibrate at the harmonic partials are de-
tected. Finally the structure vibration of 
the blown pipe is estimated. All experi-
ments are performed with the pipes 
mounted in an experimental organ to 
avoid differences in clamping, influence 
of surroundings etc. 

2. Experimental pipes 
The pipes used are open diapason pipes 
tuned to C4, with a fundamental tone at 
260 Hz. Two different alloys and three 
tooling methods are studied. The metal in 
the pipes is either a modem alloy at 40/60 
weight percent of tin/lead or an old alloy 
at 20/80 weight percent of tin/lead. Three 
different tooling methods for machining 
the material into correct plate thickness 
are used; turned, hand scraped and di-
rectly cast into correct plate thickness. 
Some of the pipes are knocked to a circu-
lar section and some are steeled. The 
combination of material and tooling 
methods give six groups of pipes, see 
table 1. 

Table 1 
The investigated groups of pipes. Three 
equal pipes in each group.  
Group Alloy Manufacturing 

(tin/lead) 	process after 
casting  

40/60 	Turned-rolled- 
knocked-steeled  

II 	40/60 	Turned-rolled- 
knocked  

ffi 	20/80 	Rolled-knocked  
IV 	20/80 	Rolled  
V 	20/80 	Hand scraped- 

rolled 
VI 	20/80 	Turned-rolled 

590 

128 

Figure 1. Dimensions in mm of the pipes. 

All eighteen pipes have the same dimen-
sions as seen in figure 1. The wall thick-
ness of the pipes is tempered. At the top 
end the wall thickness is thinnest, 0.75 
mm, and at the bottom end (at the mouth 
of the pipe) it is 1 mm. The measure-
ments are performed before and after 
voicing of the pipes. The ears are fas-
tened to one pipe in each group after 
voicing. In all experiments the pipes are 
standing vertically in the pipe rack in a 
small experimental organ as in an ordi-
nary organ. When blowing the pipe a 
constant pressure of 685 Pa (70 millime-
tre measured on a water gauge) is used. 
All measurements are performed with the 
experimental organ placed on a vibration 
isolated, holographic table. 

3. Free structural eigenmodes 
The free structural eigenmodes of the 
pipes are measured using TV holography, 
a non contact and full field optical method 
[5 - 7]. Similar techniques are often re-
ferred to as Electronic Speckle Pattern 
Interferometry (ESPI), Electro-Optic 
Holography or Electronic Holography. 
The vibrating object is illuminated with 
laser light and the optical system shows 
the vibration amplitude as interferograms 
at TV rate (30 pictures/s, as if in "real 
time"). 



Nodal diameters 

Figure 2. The right part of the figure shows 
an interferogram of an eigenmode labelled 
N22. The white lines are nodal lines and 
the black fringes connects points with equal 
vibration amplitude. The foot and the 
mouth are indicated. This mode has two 
nodal diameters as indicated in the left part 
of the figure. 

The pipes are excited at single frequencies 
by a loudspeaker placed 150 mm in front 
of the mouth. By changing the excitation 
frequency until the maximum of the vi-
bration amplitude is obtained, the  eigen-
frequency is determined for each  eigen-
mode. Interferograms as presented on 
the monitor are shown in figure 2 and 3. 
The interference patterns can be inter-
preted as contour lines on a map. The 
black fringes connect points with equal 
vibration amplitude, and the brightest 
white parts are nodal lines at zero ampli-
tude. 

Different mode shapes are detected. In 
the frequency range 200 - 900 Hz only 
modes with two or three nodal diameters 
are found. A nodal diameter is the diame-
ter through the cross section of the pipe 
connecting two points with zero ampli-
tude, see the left part of figure 2. These 
diameters form vertical nodal lines along 
the pipes, (vertical white line in right part 
of figure 2). The eigenmodes also show 
horizontal nodal lines around the pipe, 
see figure 3.  

A22 N22 A35 N35 

Figure 3. Four free structural eigenmodes in 
an open organ pipe. The nodal lines around 
the pipe are marked with - 
The foot and the mouth are indicated. 

It is discovered that there is either a node 
or an anti node along the pipe at the centre 
of the mouth of the pipe, see figure 3. 
The following notation of the mode num-
ber is used. The modes are labelled as  
Anm  or Nnm, where A or  N  means an 
anti node (A) or a node  (N)  along the 
front line of the pipe,  n  is the number of 
nodal diameters and m the number of 
nodal lines around the pipe, compare fig-
ure 2 and 3. 

Table 2 and 3 show the measured  eigen-
frequencies for each free structural 
eigenmode before and after voicing. 
When the pipes are voiced the ears are 
fastened to one pipe in each group, pipe  
c.  Therefore only two pipes from each 
group, the ones without ears, are com-
pared and listed in table 3. 



Table 2 
Eigenfrequencies in Hz for each free structural eigenmode for all eighteen pipes before 
voicing. 

Eigenmodes labelled: 
Pipe  A21 A22 A23 A24 A25 A26 A35 N21 N22 N23 N24 N25 N35 

Ja 717 368 417 550 754 872 
Ib  532 743 377 432 565 766 864 
Ic 549 715 360 419 555 750 900 
Ha  702 412 546 733 911 
Hb  538 712 403 544 759 
He 697 356 415 547 724 891 
Hla 329 431 590 248 333 444 640 768 
IIIb 443 595 333 456 627 
ific 247 333 606 284 344 468 653 
IVa 416 555 230 317 442 728 
IVb  237 292 425 666* 321 443 644 472 
Wc  243 305 440 597 336 465 645 
Va  282 734 291 352 467 640 
Vb 730 366 479 627 
Vc 730 343 466 623 
VIa 268 321 614 714 346 455 636 825 
Vlb 272 321 346 470 660 815 
Vic 269 446 605 744 , _346 463 644 811 

*) The frequency 666 Hz for this mode is very uncertain. 

There are deviations in frequency be-
tween the three pipes in some groups, but 
the differences between two groups are 
even larger. Comparing the pipes in each 
group with the low tin content, groups HI 
to VI, it can be noticed that the variations 
of each modal shape are larger within 
groups III and IV than in groups V and 
VI. This might be explained by the 
greater thickness variation of the pipes in 
groups HI and IV, compared to the hand 
scraped and turned pipes in groups V and 
VI. The pipes in group IV are further-
more not knocked to a "perfect" circular 
section as group III, which gives larger 
geometric variations within the group. 

One conclusion from table 2 is that there 
is a higher number of  N  modes than A 
modes before voicing. Further, all  N  
modes appear at higher frequencies than 
the corresponding A modes. This effect 
might be caused by the joint on the back 
side of the pipe. The joint affects the lo-
cation of the nodal lines and therefore the  
N  modes are preferred. The joint also 
acts as an extra mass, when positioned at 
an anti node (as in the A modes), and  

lower the frequencies for those  eigen-
modes. 

The pipes in groups I and II all have 
higher eigenfrequencies than the corre-
sponding modes in groups III to VI. 
This is probably due to the fact that the 
alloy with high tin content in groups I and 
II gives a stiffer and lighter structure. 
The eigenfrequencies in group I with the 
steeled pipes are slightly higher than the 
ones of the pipes in group II. The steel-
ing process seems to make the structure 
stiffer. The knocking process also seems 
to produce a stiffer pipe since the  eigen-
frequencies are slightly higher for group 
III compared to group IV. The machin-
ing processes, hand scraping and turning, 
result in stiffer pipes, compare groups V 
and VI with group IV. 



Table 3 
Eigenfrequencies in Hz for each free structural eigenmode for the pipes without ears after 
voicing. 

Eigenmodes labelled: 
Pipe A21 A22 A23 A24 A25 A26 A35 N21 N22 N23 N24 N25 N35  

Ja  360 552 695 418 738 
lb 564 730 384 433 757 
Ha 350 548 700 382/413* 730 
lib 340 540 676 390/407* 745 
Ma 231 295 424 550 328 445 724 
Illb 	241 258 307 433 567 234 328 448 621 767 
IVa 228 257 316 410 576 753 223 340 447 631 777 
IVb 265 333 451 599 735 223 336 458 627 765  
Va  283 347 463 603 676 295 468 642 
Vb 324 474 599 482 642 
Vla 217 268 322 427 610 805 352 459 635 819 
Vlb 222 27 327 456 616 746 353 470 657 

*) These structural eigenmodes appear two times in the experiments with a slight shift in 
frequency. The mode at the higher frequency has its crests closer to the top of the pipe. 

The voicing of the pipes affects the  fre- 	The notation is the same as used above. 
quencies only slightly but changes the 	Notation A410 and A411 means an A 
mode shape to favour the A modes, corn- 	mode with four nodal diameters and ten 
pare table 2 and 3. It is interesting to no- 	respective eleven nodal lines around the 
tice that after the voicing the A modes be- 	pipe. 
come more dominant. This is especially 
obvious in group V, where almost no A 	 Table 4 
modes were found before the voicing. 	Forced structural modes after voicing of 
The  N  modes are harder to detect in 	the pipes. 
groups I, II and V after the voicing. 	 Harmonic frequencies 

Same experiments are also performed 
with pipe Ic, a pipe with ears, after the 
voicing. In that pipe only A modes, A22 
to A26, are found. This might be ex-
plained by the influence of the ears; the 
ears make the pipe stiffer on both sides of 
the mouth and forces the vibration mode 
into an A mode, with nodal lines at the 
ears. 

4. Forced structural 
eigenmodes 

Harmonic modes are excited at the single 
frequencies, i.e. fn=260n Hz were  n  is 
1,2,3...., with a loudspeaker placed close 
to the mouth of the pipe. Mode shapes 
are detected using TV holography. The 
measurement is performed on the pipes 
without ears and after voicing of the 
pipes. 
Table 4 shows forced structural modes at 
each harmonic frequency of the pipes. 

Pipe  fl  f2 f3 fa  fs  f6  
Ja 	A24 A25 A36 A37 A38  
Ib 	A24 A25 A36 A37 A38  
Ila 	A24 A25 A26 A37 A39  
Ilb 	A24 A25 A35 A37 A39  
Ma  A22 A25 N35 A37 A46 A49  
Illb  A22 A25 A26 A37 A39 A410  
IVa  A23 A25 A26 A37 A38  *  
Wb A22 A25 A35 A28 A35 A49  
Va  A22 A24 A36 A37 A47 A49  
Vb  A22 A24 A26 A46 A37 A39  
Via A22 A24 A35 A37 A39 A48  
Vlb  A22 A24 A35 A37 A47 A48  

*) For this harmonic partial the pipe vi-
brates in a combination of mode A49 and 
A411. 

There are clear differences between the 
groups. The pipes made of high tin con-
tent, groups I and II, act very similar and 
have no dominant mode at the fundamen-
tal frequency. All modes are A modes, 



Ia  
Ha  
Hla 
Na 
Va  
Via 

A23 
A23 
A23 
A24 
A22 
A22 

A23 
A23 
A22 
A22 
A22 
A22 

except for pipe Ma at the third harmonic. 
Pipe  Na  generates a combination of two 
modes, mode A49 and A411, at the sixth 
harmonic. For higher harmonics, the dif-
ference in mode shape between the pipes 
in same group increases. 

5. Structural modes of the 
blown pipes 

The structural modes of the blown pipe 
are measured using shearography [7 - 9]. 
Shearography is a non contact, full field, 
optical method that measures the defor-
mation gradient. The vibrating object is 
illuminated with laser light. Using a 
Michelson interferometer two equal im-
ages of the object are shifted (sheared) 
relative to each other. The gradient of the 
vibrating amplitude is presented as an in-
terferogram on the monitor. 

In all pipes the area just above the mouth, 
the upper lip, starts to vibrate even when 
blowing with just a low pressure. When 
blowing the pipes a little harder, about 
half the maximum pressure, the cylindri-
cal part of the pipe begins to vibrate. In 
two of the pipes, see table 5, the vibration 
modes change when the blowing pressure 
is raised to maximum. This is the case 
for the pipes with low tin content, which 
are cast to correct thickness, groups III 
and IV. It is also noticed that all the pipes 
with low tin content, groups III to VI, vi-
brate at larger amplitudes than the cone-
sponding pipes in groups I and  H.  

Table 5 
Structural modes of the blown pipes, at 
about half and maximum blowing pres-
sure. 

Pipe Shape at about 
	

Shape at 
half blowing 	maximum 

pressure 
	

blowing 
pressure 

In all pipes the total vibration pattern is a 
superposition of several vibration modes. 

The mode shapes listed in table 5 show 
the dominating mode, i.e. the mode with 
highest amplitude. 

Comparing the structural mode shapes of 
the blown pipes with the free structural 
modes, (compare table 3 and 5) the vi-
bration shapes are found as one of the 
lowest free structural eigenmodes. 

Comparing table 4 and 5 it is noticed that 
the two pipes,  Va  and VIa, generate the 
same mode shape when blown as the first 
forced structural mode, at 260 Hz. 

6. Conclusions 
The structural vibrations of the organ 
pipes are strongly influenced by the pipe 
material and the tooling method. The 
eigenfrequencies of the pipes depend on 
both the alloy and the tooling method. 
This leads to the conclusion that the tool-
ing method also affects the stiffness of 
the pipe. 

When the pipe is blown, the structure vi-
brates in a combination of several modes. 
The most dominant vibration mode is one 
of the lowest free structural eigenmodes. 

The vibration amplitude of the blown pipe 
is lower for the pipes made of a high tin 
content alloy (the modern alloy). In those 
pipes no detectable vibration, comparable 
to an eigenmode, is found when the pipe 
is forced to vibrate at the fundamental 
frequency. 

The vibration mode of the pipe structure 
is strongly influenced by the voicing. 
After the voicing process the  A-modes  
become much more dominant than the  N-
modes.  

In this investigation we have thus shown 
that both the shape and amplitude of the 
wall vibrations of the blown pipe are af-
fected by the material and tooling method 
used. There are also some minor varia-
tions between two pipes made as equal as 
possible. These variations are probably 
due to small variations in the geometry. 
It is possible that it is these small varia-
tions that is noticed as differences in 
sound by well trained musicians. In our 
measurements of sound intensity [10] at 



different planes in front of an open organ 
pipe such variations have not with cer-
tainty been measured. The variations in 
sound that we hear are smaller than we 
can detect with the measuring techniques 
used. Our most sensitive measuring 
system so far is our ears. 
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Abstract 
What part of an open organ pipe emits most of 
the sound and what is the spatial sound distri-
bution for the harmonic tones? The sound in-
tensity from a blown open organ pipe, tuned to 
C4 at 260 Hz, is measured in an anechoic room 
using a 3D sound intensity probe. The mea-
surements are performed both in the vertical and 
in the horizontal plane in front of the pipe. The 
two dimensional sound intensity vector field for 
different harmonic tones are studied. The study 
focuses on the active mean intensity field and 
the results point out the main sources of acous-
tic power and their contribution to the far field. 
Pipes made of different material and tooled in 
different ways are compared. Interference phe-
nomena between sources are also visualised. 
First it can be noted that the top and the mouth 
are the main sound radiators compared to the 
walls. They are of about the same strength for 
the first four harmonics. For the fifth and sixth 
harmonics the top is the main sound radiator. 
For odd numbered harmonic tones the mouth 
and the top emit sound in phase and for even 
numbers, out of phase. The material choice and 
tooling method affect the sound spectra. 

1. Introduction 
The sound from an organ pipe in the far 
field is strongly influenced by the room. 
Different parts of the organ pipe have 
different contributions to the total sound 
field. A voicer or an organ player seems 
to notice differences between pipes fab-
ricated differently. When listening to a 
pipe in the near field, as a voicer often 
does, or when the sound is recorded 
close to the pipe, the sound has not been 
disturbed by the surrounding. In such 
cases it is important to study the spatial  

distribution of the sound field near the 
pipe for different harmonics. 

An open organ pipe is often treated as a 
two source sound radiator. The open 
top end and the mouth of the pipe are 
treated as two sources of equal strength 
for the lower harmonics [1, 2]. Franz et 
al. and Elder [3, 4] both found that the 
top becomes stronger than the mouth for 
higher partials. 

The purpose of this paper is to study the 
sound emission, for each harmonic par-
tial, from open pipes. Diapason pipes 
made of different alloys and tooled in 
different ways are compared, see table 1, 
as well as the effect of the ears. All 
pipes have equal dimensions, see figure 
1, and are tuned to same tone C4 at 260 
Hz. A combination of alloys and tooling 
methods give four groups with three 
pipes in each group made as equal as 
possible. One pipe in each group has the 
ears mounted. The sound intensity from 
the blown pipes are measured in a hori-
zontal and a vertical plane in front of the 
pipes. The relative source strength be-
tween the main sound emitters are ana-
lysed for each harmonic. All measure-
ments are performed on the pipes after 
voicing. 

Table 1 
The investigated groups of pipes. Three 
equal pipes in each group.  
Group Alloy Manufacturing 

(tin/lead) process after casting  
A 	40/60 Turned and knocked  
B 	20/80 	Not tooled  
C 	20/80 	Hand scraped  
D 	20/80 	Turned 
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Figure 1. Dimensions in mm of the pipes. 

2. Experimental procedure 
Sound radiation from the organ pipes are 
measured with the pipes placed in an ex-
perimental organ, see figure 2. The 
sound field of the organ pipes is exam-
ined. The organ pipes are blown with a  

constant air pressure at 685 Pa (70 mil-
limetre measured on a water gauge). 

The measurements are carried out in an-
echoic conditions in the frequency range 
0 - 4000 Hz. The sound intensity [5] is 
measured by a robot controlled 3D-in-
tensity probe (B&K 0447), connected to 
a multi-channel 14F1-based measurement 
system (LMS Cada-X with an HP 
Paragon front-end). The intensity is 
measured, with a resolution of 2 Hz, in 
discrete points in both a vertical and a 
horizontal plane in front of the pipes. 
The vertical plane consists of 10  x  5 
points, with a distance of 0.1 m, and the 
horizontal plane 9  x  5 points. The hori-
zontal plane is located just in front of the 
mouth of the pipes. In each point, the 
mean intensity spectra for  x-, y-  and z-
directions are determined by averaging 
60 independent samples of the instan-
taneous intensity. The intensity-probe is 
calibrated using an acoustic coupler 
B&K 3541. The residual pressure in-
tensity index [5] varied from 24 - 32 dB 
in the frequency range from 200 - 4000 
Hz. 

041.5 

Figure 2. The experimental set-up. 1: Robot, 2: 16-channel measurement system, 3: intensity probe, 
4: vertical measurement grid, 5: organ pipe, 6: experimental organ and 7: radial fan. 



Ti> 90 
g) 	80 

70 
2 60 

50 
40 

• 30 
C23 200  

1000 	2000 	3000 
Frequency [Hz] 

4000 

-13 90 

4a) 80 

p 70  
(3:1-  60 

• Ti 4-2, —50 
0.t.1 40 -Ti 

30 

cf) • 20
0  1000 	2000 	3000 

Frequency [Hz] b)  

Figure 3. 

4000 

'  

Sound intensity spectra for a pipe without ears; (a), and a pipe with ears;  (b).  

with ears are shown. The intensity 
spectra are the average of the 50 measur- 

[dB] 	ing  points in the vertical plane. 

98 	Comparing the two quite similar spectra 
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In figure 4 the sound distribution of the 
fundamental tone in the horizontal plane 
in front of the mouth of the pipe is 
shown. The radiation is quite circular 

in figure 3 it is noticed that the pipe with 
ears has slightly higher sound intensity 
level for the fundamental tone. The in-
tensity level for that pipe has smaller 
deviations for the higher harmonics than 
for the pipes without ears. 

for lower harmonics. 

The sound distributions of the funda-
mental tone in the vertical plane in front 
of a pipe without ears and a pipe with 
ears are shown in figure 5 and 6. The 
arrows indicate the direction and level of 
the sound intensity in each point. 
Observe that the length of the arrows are 
proportional to the intensity. The sound 
radiation pattern from the pipes with ears 
and without ears are quite similar. 
Figure 5 indicates however a higher 
sound intensity from the mouth in the 
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Figure 4. Sound radiation for the fundamen-
tal tone in the horizontal plane in front 
of the mouth of a pipe with ears (LImin 
= 81 dB,  Limax  = 98 dB). 

3. Results 
In figure 3 the sound intensity spectra (in 
dB) for a pipe without ears and a pipe 



b)  

86 

80 

74 

68 

Figure 5. Sound radiation in a vertical plane in fro 
at 260 Hz, for a pipe without ears  (Limin  = 
(14m  in  = 80 dB,  Limax  = 98 dB);  (b).  

case of the pipe with ears. This indicates 
that the ears might concentrate the sound 
radiation to the frontal plane. 

In the measured points just in front of 
the mouth of the pipe the air stream is 
quite strong. The error in the measure-
ments is therefore larger for those points 
than for other points. In most of the 
sound intensity measurements this effect 
makes the sound intensity to look very 
strong just in front of the mouth, which 
is a bit false. 

In the vertical plane for the second har-
monic, see figure 6, the mean intensity is 
very low in a plane at half the length of 
the pipe. The sound from the two 
sources cancel each other. This is 
caused by a 180° phase difference be-
tween the two coherent sources at the 
free top end and the mouth. The exper-
iments show that for odd harmonics the 
sound field at the top and at the mouth is 
acoustically in phase and out of phase 
for even harmonics, see also ref. [1-3]. 

The sound intensities at the fundamental 
and up to the fourth harmonic are of 
about same level, see figure 7, for the 
top and the mouth. For the fifth and  

sixth harmonics the free top end is the 
dominating source, from the eighth har-
monic the mouth instead dominates, see 
figure 7. 

nt of an open organ pipe for the fundamental tone 
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Figure 6. Sound radiation for the second 
harmonic in the vertical plane in front 
of a pipe with ears (LImin = 63 dB,  
Limax  = 96 dB) 
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Figure 7. The sound intensity level is the average of four points in front of the free top (solid line) 
end and the mouth (dashed line) respectively for the ten first harmonic partials. 

4. Discussion 
In order to better understand the audible 
difference between pipes fabricated us-
ing different alloys and tooling methods 
this investigation was initiated. 

The sound radiation in the horizontal 
plane in front of the mouth of the pipe is 
quite circular for the lower harmonics. 
For higher harmonics the sound radi-
ation becomes more directed. 

In the vertical plane in front of the pipe, 
the top and the mouth are the dominating 
sources compared to the walls of the 
pipe. For the four first harmonics the 
top and the mouth are of about same 
strength. For the fifth and sixth har-
monic the top dominates as a sound 
source. From the eighth partial the 
mouth is measured to be the stronger 
sound source. It must me noticed how-
ever that our measurements do not in-
clude the plane above the free top end. 

The open top end and the mouth is 
acoustically in phase for odd harmonics 
and out of phase for even partials. This 
has an effect on the sound field in a hori- 

zontal plane at half the pipe length. In 
that plane the sound is almost cancelled 
for even harmonics due to destructive 
interference. 

There are some smaller deviations in the 
sound intensity spectra between pipes 
fabricated using different tooling meth-
ods. Comparing these spectra the hand 
scraped pipes (group  C)  have a higher 
fundamental and second harmonic com-
pared to the other pipes. For the pipes in 
group  D,  the turned pipes made of a low 
tin content alloy, the second harmonic 
has a higher sound intensity level than 
the fundamental tone. In those pipes the 
higher harmonics have higher intensity 
levels than for all other pipes. 

The alloys used in the pipe walls have a 
small effect on the harmonic pattern. 
The sound intensity level for the funda-
mental tone is slightly higher for a pipe 
with a high tin content (group A). The 
spatial radiation from the pipes in the 
vertical plane seems to be unaffected by 
the material in the pipe wall. 

In another investigation [6] using laser 
scanning vibrometry it was found that 



the upper lip of the mouth has high vi-
bration amplitudes for the first four har-
monics. The amplitude of the upper lip 
for the fifth partial is however so low, 
about 20  nm,  that the noise in the mea-
surements is of same order. It is notice-
able that the vibration amplitude of the 
lip is high when the mouth also act as a 
strong sound producer. Thus the vibra-
tion of the upper lip, caused by the air 
jet, seems to affect the sound field, even 
if the area of the lip is small compared to 
the rest of the pipe. 
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