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Abstract 
Many engineering structures can be classified as waveguides. The Kundt´s tube is one of the most well 

known system of this kind, both for didactic or laboratory tests purposes. Both absorption and transmission-

loss can be assessed with such devices by following international standards, which require the acoustic field 

to prescribe plane waves, with bandwidth limited by the tube diameter. Above this frequency limit, plane 

waves may still occur, but the presence of radial and azimuthal modes prevent straightforward standardized 

analysis. However, this system is still representative of other slender engineering structures, such as exhaust 

pipes, HAVC systems, ventilation units, etc. for mid and high-frequencies. Hence, the classical impedance 

tube exercise is revisited in this work, incorporating extra microphones, which allow the visualization and 

identification of non-planar modes. Standard porous absorption materials are tested, to validity the exercise, 

that should also be useful for mid- and high-frequency testing of smart metamaterials. 

1 Introduction 

There are consolidated methods in vibroacoustics, for the evaluation of reflection and acoustic absorption 

coefficients in materials. Among these methods, the impedance tube method, or Kundt´s tube, consists of 

propagating waves in a rigid wall tube from one end, while the material under test is at the other end. Seybert 

and Ross [1] inaugurated the estimate of acoustic property of normal incidence from two measurements 

along the tube, taking into account the wave fronts that propagated in opposite directions. Years later, Chung 

and Blaser [2,3] advanced in the description of the instrumentation and calibration necessary to realize an 

estimate of acoustic properties based on the transfer function method. The widely accepted international 

standards ASTM E1050 [4] and ISO 10534-2 [5] are based upon these contributions. 

The transfer function method requires simple instrumentation, but it has a number of practical and theoretical 

limitations, which restrict its range of operation to a short band, in relation to the audible range. From a 

practical point of view, questions of uncertainty [6], location of microphones [7], calibration [8], among 

others, have been studied. In recent decades, the academic community has been struggling to give greater 

consistency and coverage to the impedance tube, which is still relevant to these days [9,10]. Regarding the 

theoretical basis, there is an important limitation in the frequency range, under which sound wave propagate 

in the direction of the tube main axis (plane waves). The diameter of the tube, and hence the are of the 

sample material under test, are limited by the wavelength of the azimuthal waves, which violate the basic 

hypothesis of plane propagation and, hence, the useful frequency range of the experimental apparatus.  

The objective of this work is to show that it is possible to use an acoustic instrumentation system, similar to 

the method of transfer function in the impedance tube, that is able to identify the absorption of samples in 

frequency bands higher than the azimuthal modes. By identifying the frequencies in which non-planar 

propagations occur, it is possible to devise strategies to expand the useful range of the impedance tube, as 

already suggested by Kimura et al. [11].  

The methods of using the impedance tube, described in the literature and international standards, are based 

on the fact that below a certain frequency the sound propagates in the waveguide as flat wave fronts. Both 
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international standards point to the higher cutoff frequency of the tube being related to the wavelength 

corresponding to the tube inner radios, i.e., 
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where 0c  is the local speed of sound and d  is the inner tube diameter. 

Taking the expression for the steady state sound propagation in cylindrical coordinates (2), as demonstrated 

by Munjal [12], it is possible to conclude that there exists a region in which the eigenvalues m and n are 

null. This greatly simplifies the propagation function, according to the derivation in Eqs. (2) to (4): 
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This approach is key for mathematical demonstrations of the transfer function method, which imposes, 

however, the basic hypothesis that m and n are null. This means that the sound pressure should be 

approximately constant in any cross section of the tube, which is true for plane waves. The graphical 

representation of the influence of these eigenvalues on propagation modes are illustrated in Figure 1, while 

the expressions [13] relating ωmn and k to the tube inner radios R and the nth non-negative root of the Bessel 

function first derivative of order m, amn,  are: 
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Figure 1: Wave propagation modes in cylindrical coordinates 

 

Considering the boundary conditions for longitudinal propagation (rigid termination) and for radial 

propagation (rigid wall), it is possible to estimate with a certain accuracy, the frequencies of some normal 

and radial modes. In the case of the longitudinal modes (k > 0), the natural frequencies can be obtained via 

Eq.(7), while for the radial modes (n > 0), the frequencies can be estimated by via Eq. (8). However, for the 

azimuthal modes, these boundary conditions are not well defined in this problem. 
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For a tube of 1 m in length and 73.6 mm in internal diameter, the standard points out that normal propagation 

should be considered up to about 2700 Hz. At the same time, Eq.(8) shows that the first radial mode happens 

at about 5435 Hz. Therefore, one can conclude that, between these two frequencies, longitudinal modes 

coexist with azimuthal ones and, if able to be considered, would double the useful range of the impedance 

tube. The strategy proposed here for identifying these azimuthal modes is to sum up the complex pressure 

values observed by microphones placed in the same cross section and observe the behavior of this sum along 

this frequency range. If the result of the superposition return a magnitude higher than that of each original 

signal, there is constructive interference and, therefore, signals are in phase. The opposite is true in the 

presence of azimuthal modes, to whom destructive interference is expected. In these cases, the resulting sum 

should render a smaller magnitude and the conclusion that there must be an azimuth nodal line between 

these two microphones, as suggested in Fig.1 for m > 0. 

To illustrate this strategy, two distinct generic points of the same section of the tube are taken, both at the 

same distance from the center of the tube, i.e., at the same longitudinal and radial coordinates. In light of 

the equations developed for the transfer function method, Equation (2) is simplified for this case, resulting 

in: 

1
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In case both microphones are in phase, 𝜃1 = 𝜃2 = 𝜃, the sum results in 𝑝1 = 𝑝2 = 2𝑃 with P > p1 and 

P > p2. If there is a phase difference ∆𝜃 between the mics, the sum 𝑝1 = 𝑝2 = 2𝑃𝑒𝑖𝑚𝜃, which is only smaller 

than each component if 𝜋/2𝑚 < ∆𝜃 < 3𝜋/2𝑚. For the first azimuthal modes (𝑚 = 1) that is indeed the 

case and one can state that there will be a nodal plane (or even an odd number of nodal planes) between 

those two microphone positions, since: 

1 1 2 2 1 1 2 2( , ) ( , ) ( , ) ( , )p p p p           (11) 

In this work, the signals of nine microphones were taken along an impedance tube and a code was generated 

in MATLAB® that compared these signals according to the statement in Eq.(11), indicating where there are 

first-order nodal lines between the microphones. The arrangement of the microphones and overall setup are 

detailed in the next section. 

2 The test bench 

To perform the experiments, an impedance tube, test piston and a loudspeaker box have been built out of 

low cost, thick walled, construction tubing, namely, polypropylene random copolymer (PPR) pipes and 

fittings. The connections used in the hydraulic installations were adapted to the instrumentation required for 

the tests, as is the example of the microphone mounts, machined from aluminum and glued to the PPR 

fittings. The main tube is 1m long, 90mm external diameter and 73.6mm internal diameter. To complete the 

assembly, a full range flat response loudspeaker (FRS 8-8) and 9 condenser microphones (GRAS 40PH) 

have been used, in arrangements of 3 mics per section in 3 equidistant sections on the tube (Fig.2).  

The impedance tube, also known as Kundt´s tube is an experimental apparatus used for a variety of purposes, 

including sound velocity estimation and acoustic impedance tests on materials and metamaterials. In this 

method, a speaker is installed at one end of the tube and a specific termination at the other end. The tube is 

instrumented in different ways in order to estimate properties of the termination, the medium or other 

variables associated with sound propagation. 
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Figure 2: Picture of the complete tube assembly 

Impedance tube instrumentation methods, according to technical standards, require only two microphones 

installed in different axial coordinates of the tube. In this work, however, an expanded method of 

instrumentation is proposed, aiming to achieve two objectives: (i) to increase the reliability of measurement 

for each section of the tube in the plane propagation regime and (ii) to relate different pressure values to 

points from same section in order to identify the azimuthal modes. 

Figures 3(a) and 3(b) show views of this expanded instrumentation. The 9 microphones of the model were 

installed, divided into 3 sections spaced 50mm apart, the first section being 750mm from the source and the 

last one 150mm from a rigid nylon termination. In each section, the microphones are disposed 

asymmetrically, as shown in Fig. 3(a). This arrangement does not particularly facilitate the visualization, or 

even the excitation of any specific azimuthal mode; on the contrary, as seen in Eq.(2), due to the 

axisymmetric nature of the tube/loudspeaker assembly, azimuthal modes would not be well excited. In order 

to allow their assessment, a half circle slab is added near the speaker to act as a deflector (Fig.3c). As for 

the radial modes, those are above the frequency range of interest in this work. 

(a) 
 

(b) (c) 

Figure 3: Instrumentation details (a) schematic view of one section, (b) detailed photo of micfophone 

inserts and (c) speaker section with optional deflector. 

Finally, the microphones were connected to a LMS Scadas Mobile data acquisition system from Siemens 

Industry Software. This system also generated the signal sent to the loudspeaker in the tube, after being 

amplified. In addition, for all tests, the microphones received the calibrations as suggested by ISO and 

ASTM standards. All tests were performed at a frequency range of 0 to 4000 Hz, with a resolution of 

0.1953 Hz. 

3 Results and discussion 

In order to evaluate the consistency of the experimental apparatus in relation to the theory described and 

expected, relationship curves were plotted for each section, taking the microphones two by two. Then, an 
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experimental modal analysis was performed with the pressure values of the microphones as outputs, using 

the LMS Scadas data acquisition system running Test.Lab. Then, the pressure amplitude summing curves 

were plotted, two by two per section, in order to identify non-normal modes above the cutoff frequency for 

the given diameter. Finally, the frequencies identified by the modal analysis were used as reference to 

evaluate the frequencies of non-normal modes identified in the amplitude curves summed. 

A final hypothesis, considered in this work, is that the loudspeaker installed at the end of the tube does not 

favor the appearance of non-normal modes, since the displacement of its membrane mainly occurs in the 

axial direction of the tube. To circumvent this problem, an obstacle was added at this end, which would 

unbalance the flat sound emission of the loudspeaker, favoring the appearance of non-normal modes in the 

tube. The optional obstacle can be seen in Fig.3(b). In addition, all tests were performed using the rigid tube 

termination, consisting of a nylon piston, fitted to the tube by means of o-rings. 

3.1 Plane-wave propagation 

The curves of Fig.4 are the transmissibility taken from each pair of microphone in section A (the closest to 

the test specimen). It is expected that, for frequency values below about 2700 Hz, the microphone curves 

have the same sound pressure amplitude (flat waves). In fact, it is observed that, for frequencies below 2719 

Hz, the amplitude ratios between the pairs of microphones are very close to 1. Above this, there is no 

behavior pattern in these curves. For the frequencies below the cutoff, the ratios between the amplitudes of 

the microphones have a maximum difference of 1% between them, except in 3 regions of instability, as can 

be seen in Fig. 4, due to resonances of the system in these frequencies. Thus, even with the imbalance in the 

sound emission caused by the shield, it is still possible to identify the region of flat propagation for 

frequencies below the cut, as predicted by the bibliography. Based on this, it is inferred that the experimental 

apparatus is consistent for the next trials. 

 

Figure 4: Pressure transmissibility functions for pairs of microphoes 

3.2 Acoustic modal analysis 

In order to identify these azimuthal modes, an experimental modal analysis was performed using the LMS 

Scadas Mobile acquisition system and the Test.Lab software from Siemens Industry Software. In this 

process, the electrical signal sent to the speaker terminals was adopted as reference while considering as 

output the pressure values measured in each of the 9 microphones installed in the structure. On each of these 

curves, a polynomial curve is adjusted in order to estimate the modal parameters of the system. Finally, 

based on the estimated modal parameters, it is possible to indicate some vibration modes of the system, 

which should show the flat or azimuthal characteristic of each one. This analysis can be done either by 
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observing the relative phase between each response point (acoustic pressure) or graphically, plotting said 

modes. Here, a license is given to assign a spatial direction to a scalar quantity (acoustic pressure), which, 

however, can assist intuitively in the visualization of modes. 

By means of this method, 32 acoustic modes were identified in a frequency range of 100 to 4000 Hz. Of 

these 32 modes, the first 18 correspond to the plane propagation modes, the 18th mode corresponding to the 

frequency of 2780 Hz. In these first 18 identified modes, all three microphones of the same section have 

similar amplitude and phase, while there are differences of amplitude and phase between microphones of 

different sections, according to longitudinal propagation modes. 

The last 14 modes identified are mostly non-normal azimuthal modes. However, there are normal modes 

that may be of interest for analyzing the samples in the tube in this frequency range. As mentioned before, 

azimuthal modes will present differences of amplitude and phase in at least two of the three microphones in 

the same section. To illustrate these modes, generic examples of non-normal modes are taken for a tube of 

cylindrical section, as in Fig. 5. In this case, mics 1 and 2 would register pressure values that are 180º (or π 

rd) appart. Assuming that the observed pressure values are a continuous function of space and time, this 

condition guarantees that there must be an odd number of nodal planes between this pair of microphones. 

Table 1 shows the frequency values for the first 14 modes above the first cutoff frequency. Each mode is 

related to the phase of the pressure function considering only its real part, approximated to 0 or π, since only 

real modes are considered. Finally, as observed in Section 1, it is worth mentioning that the radial modes 

for the cylindrical structure with the given internal diameter start to emerge from approximately 5400 Hz. 

This ensures that the indicated non-normal modes are essentially azimuthal. In addition, the proposed 

instrumentation does not allow the identification of radial modes, since there are only pressure points taken 

close to the diameter of the tube. 

 

Figure 5: Visualization of azimuthal modes of different orders associated with the position of the 

microphones in an impedance tube section 

3.3 Graphical interpretation 

Now, we try to identify the same non-normal modes identified in the previous section, based only on the 

observation of the pressure data acquired by the microphones during the test. As described in section 1, it is 

hypothesized that when the simple sum of the pressure amplitudes between two microphones of the same 

section results in a smaller value than each plot, there is a phase difference between these pressure functions, 

which indicates the existence of an odd number of nodal lines between the measurement points and possibly 

an azimuthal mode.  

Based on this, a code in MATLAB® was written with the purpose of comparing all curves and identifying 

those points, or regions in frequency, where there is destructive sum. The algorithm generates curves that 

are null when the sum of the amplitudes is greater than at least one of the plots and ‘1’ in destructive sum 

frequencies. The curves shown in Figures 6, 7 and 8, show the three paired comparison in each of the 

sections, A, B and C, respectively. 
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Table 1: Relative phase angle between microphones for modes above the 1st cutoff frequency (* are 

longitudinal modes) 

 
Section A  

Mic # 

Section B  

Mic # 

Section C  

Mic # 

# Modo – 

Frequência (Hz) 
1 2 3 1 2 3 1 2 3 

19 – 2821,3 Hz 0 0 π 0 0 π 0 0 π 

20 – 2829,1 Hz 0 0 π 0 0 π 0 0 π 

21 – 2870,9 Hz 0 0 π π 0 π π 0 π 

22 – 2980,8 Hz 0 π π 0 π π π π 0 

23 – 3057,8 Hz 0 π π 0 0 0 π 0 π 

24 – 3071,9 Hz 0 0 π 0 0 0 0 π 0 

25 – 3137,7 Hz 0 π π 0 π π π π π 

26 – 3190,7 Hz 0 0 0 0 π π 0 π π 

* 27 – 3268,5 Hz 0 0 0 0 0 0 0 0 0 

28 – 3366,2 Hz 0 π 0 0 π π π 0 0 

* 29 – 3448,7 Hz 0 0 0 0 0 0 0 0 0 

30 – 3589,5 Hz 0 π π π 0 π 0 π 0 

31 – 3654,1 Hz 0 π 0 π 0 π 0 π 0 

32 – 3803,2 Hz 0 0 0 π 0 0 0 0 0 

 

By comparing the modal approach to the destructive phase analyses performed by the proposed algorithm 

(Table 2), one can conclude that the algorithm shows a number of false positives. In all, considering the 

other sections, the method developed identifies 10 of the 14 non-normal modes indicated by the modal 

analysis. However, it is possible to verify clear patterns among some of the values, especially those slightly 

above the cutoff frequency for flat waves, where the first azimuthal modes occur. Table 2 highlights the 

proximity of some close values obtained by the two methods. 

3.4 Metamaterial testing 

3.4.1 Unit cell conceptual design and preliminary tests 

The proposed approach for a metamaterial testing, under this framework, looks towards a unit cell fabricated 

using the Fused Deposition Method (FDM). This manufacture technique grows in popularity for its 

capability of creating somehow complex geometries at a reasonable cost. In addition, piezo disks are 

combined, in an attempt to try and improve the performance of the metamaterial.  
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Figure 6: Visualization of modes for the microphones in section A 

 

Figure 7: Visualization of modes for the microphones in section B 

As known from the literature, the parts created by FDM exhibit anisotropic behavior. However, it is 

reasonable to assume a planar isotropy, in the direction of the deposition planes, as no preferential directions 

are observed there [14]. This can be verified in Fig. 9, which shows the filament deposition patterns; the 

beams labeld as ‘Vx’ and ‘V+’ have the infill structure deposited accordingly. The beams compared in this 

study differ only on the internal fiber direction, as described in Tab. 3, where b is the width, L the total 

length, Lu the cantilever free length, t the thickness, m the total beam mass and α the angle of the infill (see 

also Fig. 10). The plane isotropy assumption can also be verified in Fig. 10, which shows the base excitation 

FRFs obtained from the bare beams (before applying the piezos). As dynamic flexional load is applied, no 

major deviation is observed between the structures on the frequency response, for both Vx and V+ beams. 
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Figure 8: Visualization of modes for the microphones in section C 

Table 2: Frequencies estimated by summation and modal analysis methods 

Mic. 1 + Mic. 2 

Freq. (Hz) 

Mic. 1 + Mic. 3 

Freq. (Hz) 

Mic. 2 + Mic. 3 

Freq. (Hz) 

Sum Modal Sum Modal Sum Modal 

2793   2821 2795 2821 

2963 2990 2841 2829 2830 2829 

3085 3058 2891 2871 2876 2871 

3144 3138 2989 2981 2974 3071 

3310  3061 3058  3366 

3373 3366  3072 3595  

3481  3138 3138  3654 

3745  3312    

3915  3729 3590   

  3819    

 

 

 

Figure 9: FDM process and structure labeling (after [14]) 
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Table 3: Frequencies estimated by summation and modal analysis methods 

beam 
b 

[mm] 

L 

[mm] 

Lu 

[mm] 

t 

[mm] 

m 

[g] 

α 

[o] 

Vx 30 180 127 5 26 +/- 45 o 

V+ 30 180 127 5 22 90 o /0 o 

 

 

Figure 10: FDM process and structure labeling (after [14]) 

As the piezo disks are attached to the beams, an increase on the stiffness is expected. Also, due to the 

electromechanical coupling, some passive circuitry (see Tab. 4) is connected in order to evaluate the 

coupling strength. As observed in Fig. 12, in comparison with the results in Fig. 11, an increase on stiffness 

is more dominant over the mass contribution, and no relevant mechanical attenuation is achieved, using 

either a resistive or a shunt circuitry, indicating a rather weak electro-mechanical coupling between the ABS 

beam and the piezoelectric disk.  

The electric response (Fig 13) presents a zero for the shunt circuit at the expected frequency, i.e. the shunt 

resonance (near 60 Hz). One would expect to observe this effect as an attenuation on the mechanical 

response as well but, due to the weak coupling, a rather small disturbance is seen instead (c.f. Fig 12) and 

no significant attenuation is achieved. 
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Figure 11: Bare beams tip mobility functions 

 

Figure 12: Smart beam tip mobility functions for different circuits 

 

Figure 13: Smart beam electro-mechanical frequency response function for different ciucuits 

3.4.2 Future work 

The research presented in this paper is ongoing. The tests presented in section 3.4.1 are being used to validate 

models (both 3D FEM and state-space representations [15]) of the electromechanical system. Eventually a 

beam-like resonator will be used as suggested in Fig. 14, subject to plane wave excitation. The full unit cell 

concept models include (optional) polymeric membranes and/or porous materials. As the former aims at 

increasing the vibro-acoustic coupling, the latter should provide extra passive damping or, in other words, 

have its absorption properties enhanced by the resonant structure. The use of piezoelectric elements on the 

cell design will depend on the achieved coupling: (i) while with enough coupling one could envisage actively 

active control schemes [16], (ii) rather low coupling could still provide means for energy harvesting or 

condition monitoring [17, 18], as preliminary tests have shown a significant electric potential for the shunt 

circuit experiment. 
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Figure 14: Conceptual unit cell design and periodic arrangement for testing on a waveguide 

Finally, it should be mentioned that the use of membranes would render this solution infeasible for 

waveguides that are supposed to allow mass flow to go across the unit cells (such are HAVC of exhaust 

systems) but could still be used as modified Helmholtz resonators for that matter. There are at least other 

two uses of such unit cells, which consider the arrangement of the membranes parallel to the flux or arrays 

of cells mounted on panels for room acoustics. 

4 Conclusions  

Although it is possible to identify the frequency bands where the first azimuthal modes occur in the 

impedance tube, the sum method still proved to be inaccurate. In all, it was possible to identify 10 of the 14 

modal frequencies indicated by the experimental modal analysis. Therefore, it was not possible to identify 

exactly for which frequency values certain azimuthal modes are excited. 

Furthermore, it is necessary to understand more in depth how the relationship between the modes of 

longitudinal and azimuthal propagation occurs in this frequency range. Furthermore, it is necessary to 

understand how the influence of higher modes in this range occurs, in both upper and lower normal modes. 

The impedance tube instrumentation also influences the results. The higher the frequency, the longer the 

wavelengths approximate the dimensions of the instruments and artifacts used in the construction, creating 

more complex phenomena in the tube, which are not contemplated by this model. Other effects such as the 

influence of the boundary layer on the pressure measured by the microphones in the tube should also be 

studied. 

Finally, the use of such devices for metamaterial testing poses difficulties as cells designed for higher 

frequencies may not be tested using standard methods. This paper discussed means for addressing this issue 

and highlighted ongoing research towards that end. 
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