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abstract

In this study, we show that the characterization of an elastic tube can be made from the cut-off
frequencies of the circumferential waves and the wave velocities in the material constituting the tube.
The time-frequency spectrogram is applied to an acoustic signal backscattered by an Aluminum tube
for identification of circumferential wave. The cut-off frequencies of the each circumferential wave
modes such as Al A2 (Antisymmetric modes) and S1 (Symmetric mode) are estimated from the
spectrogram images, and are compared with those calculated via the normal modes theory. The
transverse and the longitudinal velocities of Aluminum material, determined from the spectrogram
images, are in good agreement with those given in the scientific literature.

resume

Dans ce travail, nous exposons la possibilité de mettre ceuvre la caractérisation d'un tube élastique a
partir de la fréquence de coupure des ondes circonférentielles et des vitesses des ondes propageant
dans le matériau constituant le tube. La représentation temps-fréquence de Spectrogramme est
appliquée a un signal acoustique rétrodiffusé par un tube d’Aluminium afin de pouvoir identifier les
ondes circonférentielle. La fréquence de coupure de chaque mode d'onde circonférentielle tels que :
Al, A2 (modes antisymétriques) et S1 (mode symétrique) sont estimées a partir des images temps-
fréquence de Spectrogramme puis elles sont comparées avec celles calculées par la théorie des modes
propres. Les vitesses transversales et longitudinales du matériau en Aluminium, déterminées a partir
des images temps-fréquence, sont en bon accord avec celles données dans la littérature scientifique.

the limitation of the earlier study of Refeerncfel3.
The time-frequency spectrogram representation has
been chosen as it will decrease the number of cross-

l.introduction

Previous theoretical and experimental studies on the

acoustic scattering field have shown that the acoustic
resonances of a simple shape target (plate, cylinder,
tube...) depend on its physical and geometrical
characteristics. The analysis of the acoustic signals
backscattered by a target is done either in the
frequency domain using the Fourier transform
(backscattered spectrum and/or resonance spectrum)
or in the time domain (observation of the form and the
periodicity of the echoes) [1-12]. These two one-
dimensional representations prove to be insufficient to
visualize the frequential components evolution versus
the time, to observe the circumferential waves
trajectories and obtain directly their cut-off
frequencies. Latif et. al. have analyzed the signal by
the time-frequency Wigner-Ville representation which
takes into consideration both the time t and frequency
f of the acoustic signal [13]. This analysis is focused
to determine the cut-off frequency of the
circumferential anti-symmetric wave A: and study the
evolution of this frequency as a function of the radius
ratio b/a of a tube (b: internal radius and a: external
radius).

The present paper is especially concerned with
the application of an alternate time-frequency
representation called Spectrogram. The new study
will extend the work started on an earlier study by the
time-frequency Wigner-Ville technique and improve
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term components, a principal drawback of the time-
frequency Wigner-Ville technique [14-22]. The new
representation has been used to determine the cut-off
frequency of circumferential waves such as Al A2
(Antisymmetric modes) and S.: (Symmetric mode)
and calculate the transverse and longitudinal
velocities of the tube material.

The spectrogram representation allows one to
obtain a synthetic circumferential waves dispersion
image and determine, directly, physical and
geometrical parameters. The spectrogram
representation is applied to analyze a theoretical
acoustic signal backscattered by an aluminum tube of
radius ratio b/a immersed in water. The aim of this
study was to test the spectrogram effectiveness and
accuracy in determining the circumferential wave cut-
off frequencies as well as to compare the transverse
and the longitudinal velocities derived from the
spectrogram analysis with those derived from the
theory. When the wall of the cylindrical shell is thin
(radius ratio b/a tends to 1) the circumferential waves
are identical to the Lamb waves [23-29]. The cut-off
frequencies of these waves are first determined from
the spectrogram image and then the velocities of these
waves of the tube material are then calculated. These
velocities are then compared with those calculated by
the normal modes theory [13, 30].
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2. THEORETICAL BACKGROUND

2.1 Time-frequency representation of the
spectrogram

The Short Time Fourier Transform (STFT) can be
interpreted as a Fourier analysis of successive
sections of the signal weighted by a temporal window
such as Gabor, Hamming, and Blackman. The
expression of the STFT is given by [14,15,31,32]:

STEKff=|"tidy Td=ftiT'T -ty A d 1)

()

h
where, tf is the complex conjugate of the

h f(t

analysis window J ) , t the time, f the frequency,
t the integral variable, s(t) the temporal signal. This
relation represents the scalar product between the

signal s(t) and the function htf (t) . In practice, the

Spectrogram (SP) is the squared modulus ofthe STFT
and is given by [14, 15,17,18]:

SP(t,f ) =\SKFK(t,f )2 @

The integral of the SP(tf) with respect to the
frequency yields produces the instantaneous signal
power P [15]:

p=Jsptfd =st)’ ®

The time integral of the SP(tf) produces the signal
power density spectrum D :

D={P ,f)dt=Sf)2 )

where Sf) is the Fourier transform of the signal s(t).

With regard to numerical calculations, one won’t be
able to reach the true spectrogram distribution. To
resolve this problem, numerically, we use the discrete
time version of this distribution SPS The distribution
expression is given by [14,15]:

sp(nf)= N RS e

where n is the sampled time, 2N+1 is the smooth
window length and k = -N+1,..,,N-1.

2.2. Acoustic scattering by an elastic cylinder

The study of the acoustic scattering by targets of
simple geometrical shape is the object of many works
[1-12]. In this paper we will use a plane harmonic
wave incident on an infinite tube of radius ratio, b/a,,
with an air-filled cavity (Fig. 1). The mathematical
approach of impulse response of tube is based on the
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Rayleigh series formations that consist in the
decomposition of the backscattered pressure field into
infinite sum of modal components [8], depending on
both the mechanical properties and the geometry of
the target.

The general geometry for the backscattering of a
plane wave by a tube is illustrated in Figure 1

Figure 1. Problem Geometry.

The mechanisms of the echo formation of the
circumferential waves and the Sholte wave are shown
in Figure 2 [33,34]. Scholte waves are acoustic waves
propagating at a fluid/solid interface. They are
localized in the neighborhood of the phase boundary
in the sense that they decay exponentially in both
directions along the normal to the interface [35],

Figure 2. Mechanisms of the echo formation
(1- specular reflection, 2- circumferential waves and
3- Scholte wave)

The different echoes, of the circumferential
waves and the Sholte wave presented in the Figure 2,
constitute the backscattering complex pressure. This
complex pressure in far filled of the cylindrical shell
immersed in water (Fig. 1) is given by the expression
[1,4]:

. @ NV 7o

where m is angular frequency, k=m/c is the wave
number with respect to wave velocity in the external
fluid and c is the sound velocity in water. PO is the
plane incident wave amplitude and r is the receiver

position. Dn(n') and D*1 (m) are determinants

computed from the boundary conditions of the
problem  (continuity of radial stress and
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H\(kr) is the

displacements of both interfaces).

Hankel function of the firstkind.

With the mechanism above (Fig. 2), we store the
backscattering complex pressure Pscat, as illustrated in
Figure 4.

2.3 Lamb wave dispersion

In this work, we have used a thin tube with radius
ratio b/a=0.95 close to 1. From the similarities
between the plates and the thin tubes with the same
thickness we have wused the dispersion curves
relationships of the lamb wave propagating in the
plate [13,30,36]. Figure 3 presents the dispersion
curves of symmetric and antisymmetric Lamb waves
in an aluminum plate.

The phase velocity is calculated from the
resonance frequencies that correspond to Lamb waves
propagating in the plate. Thus from each resonance
frequency, an integer number of wavelengths fits the
thickness of the plate, and the following relation holds
[35] :

2nfe
Cph(f ) =- N Q)

where n is the Lamb wave mode.
The function of the dimensionless frequency ka is
defined by the expression below [2,9]:

2nfa
ka =1

®
For a thin tube wall, it can be shown that the plate
Lamb wave and the tube circumferential wave are
similar at very low frequencies [37]. The reduced
frequency fe/2 (where (fe/2) is the frequency-
thickness product for a plate in MHz, € is the plate
thickness in mm (e=a-b)) used to calculate these
curves are related to the dimensionless frequency
used in the case of cylindrical shell with the relation
[13,30]:

7 4n e
ka = - Y f2 (9)
c(l- %) 2

Due to the similarity between the circumferential
waves and Lamb waves, it is possible to use the
classical relations on the Lamb waves. These relations
allow us to determine the value of the cut-off
frequency of the circumferential wave in the case of a
tube [37-39]. In the case of a thin plate, the cut-off
frequencies of the symmetric and anti-symmetric
Lamb waves are provided, respectively using the
dispersion curve of Lamb wave on a plate [13,20-22]:

ms CT

fe (10)
(ms+2)CL
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ma CL
fe = 1 11)
(ma+ CT
where CT and CL are transverse and longitudinal

velocities of the material constituting the tube. mSand
Maare the integer numbers indicating symmetric and
anti-symmetric modes of plate vibrations respectively.
From equations (9), (10) and (11) we determine the
relation between the cut-off frequencies (ka) and the
transverse velocity cTand the longitudinal velocity cL.

m.cC
on sCf
ka = (12)
Cl" (ms+-)CL
a--)
2n m a CL
ka = (13)
Cl" (ma+2)CT
a--)

The cut-off frequency of the Al, S2, S1 and A2
Lamb waves are calculated with the relation (10) and
(11) determined from Figure 3 (the cut-off frequency
of each Lamb wave is indicated by a vertical arrow).
Table 1 gives these cutoff frequencies and their
relations with the cutoff frequencies observed in the
case of cylindrical shells, calculated with the relation

).

3. Method

3.1 The backscattering spectrum

Figure 4 illustrates the theoretical backscattering
spectrum of an air-filled aluminum tube immersed in
water, which is obtained theoretically by the
expression (6).

3.2 The synthetic time-domain signal and the
resonance spectrum

The backscattering spectrum in Figure 4 shows that it
is broad-band in nature but with abrupt shape
transitions corresponding to resonances.

The time signal S (t) of a tube is calculated by the

inverse Fourier transform of the backscattering

spectrum.

s(t) = _ f h(m)P t(e)e'ndee (8)
2nJ-

where h(®) is the pass-band of the transducer.
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Figure 3. Dispersion curves of symmetric and antisymmetric Lamb waves in an aluminum plate

Table 1. Cutoff frequency of Lamb waves in plate and in cylindrical shells (maand msare integer
numbers)

Lamb wave type Form vibration modes fe/2 (MHz mm) ka

Al m,,=1 0. 775 £ 0. 020 132.24 +3. 41

S1 m=1 1 550 £0. 020 264. 87 +3. 41

S2 m =2 1,595 +0. 020 272. 56 + 3. 41

A2 m =2 2.325 +0. 020 397.30+3. 41

2.25—

2.00—
1.75—
1.50—
1.25—
1.00—

Amplitude

0.75—
0.50—
0.25

100 200 300 400 500

ka

Figure 4. Backscattering spectrum of an air-filled aluminum cylindrical shell immersed in water, b/a = 0.95, a=3cm.
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The resonance spectrum is obtained as follows: first a
theoretical temporal signal is calculated from the
backscattered spectrum with an inverse Fourier
transform, it corresponds to the time signal observed
when the tube is excited with a broadband impulse
(Fig. 5a); on this time signal, various echoes related to
the circumferential waves are observed, second the
specular echo related to the reflection on the tube is
deleted with a Personal Computer and replaced by

Amgwaé

zeros (Fig. 5b); third a new Fourier transform is
applied to the filtered time signal. The resulting
resonance spectrum is shown in Figure 6. For each
transition in Figure 4, a peak resonance is observed in
Figure 6. Resonances which appear on the
backscattering resonance spectrum (Fig. 6) are related
to the circumferential waves propagating around the
tube circumference [40].

time; (us)

The suppressed specular echo

(b)

time (us)

Figure 5. Temporal signal of an aluminum tube b/a=0.95, (a) is the global signal and (b) is the signal (a)
with deleted specular echo.

ka

Figure 6. Resonance spectrum of an air-filled aluminum cylindrical shell immersed in water, b/a = 0.95, a=3cm.
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Different families of resonances are observed from
Figure 6, such as,

- Al wave resonances at frequency, ka =132,
- S1 wave resonances at frequency, ka = 260,
- S2 wave resonances at frequency, ka = 270,
- A2 wave resonances at frequency, ka = 397.

3.3 Spectrogram images

The time-frequency method is a representation that
allows a two dimensional characterization of the

50 100 150

signal projection. Thus, one can follow the spectrum
content’s temporal evolution of the circumferential
waves propagating around the tube circumference
[4,21,22]. The spectrogram distribution from Eq. 5 is
applied to the temporal signal backscattered by an air-
filled aluminum tube with b/a = 0.95.

Figure 7 shows the time-frequency spectrogram
image of the theoretical temporal signal using a
Blackman window of 200 points (Fig. 5b). This
representation illustrates the synthetic image of the
multimode related to the circumferential waves such
as SO, Ai, Si, S2and A2which appear in the signal.

200 250 300 350 400 450

Figure 7. Spectrogram time-frequency image of the theoretical temporal signal (Blackman window of the 200 points).

Applying a digital filter on the spectrum (Figure 6),
allow wus to extract the spectrum for each
circumferential wave mode. The application of the
inverse Fourier transform to different spectrums
acquired by the digital filtering provides temporal
signals corresponding to different mode wave (Figures
8.a, 9.3, 10.a and ii.a). Figures 8, 9, 10 and 11
present the spectrogram synthetic images for the anti-
symmetric and symmetric waves SO, Al S1and A2
respectively with Blackman window of 200 points.

time(jis)
Figure 8 (a) Time Signal of Scholte A and the
symmetric SOwaves

Canadian Acoustics / Acoustique canadienne

These figures present also the original temporal
signals (figures 8a, 9a, 10a and 11a), from which the
Spectrogram images were obtained (figures 8b, 9b,
10b and 11b), and the resonance spectrums
correspondents (figures 8c, 9c, 10c and 11c).

0]

Figure 8 (b) Spectrometric Image of Scholte A and the
symmetric SOwaves
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0.025 -

0.020 -
2 0.015 -
< 0.010-

0.005 -

time ((is)
ka Figure 10 (a) Time Signal of the symmetric Sj wave
Figure 8 (c) Resulting Resonance Spectra of Scholte A
and the symmetric SOwaves

50
100
150-
200-
time (us) 250-
Figure 9 (a) Time Signal of the antisymmetric Aj wave )
r

200 250 300 350 400 450
Figure 10 (b) Spectrometric Image of the symmetric S1

125 150 175 200 225 250
Figure 9 (b) Spectrometric Image of the antisymmetric

Aj wave
Figure 10 (c) Resulting Resonance Spectra of the
symmetric Slwave
ka time ((is)
Figure 9 (c) Resulting Resonance Spectra of the
antisymmetric Aj wave Figure 11 (a) Time Signal of the antisymmetric A2wave
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600
350 375 400 425 450 475

Figure 11 (b) Spectrometric Image of the antisymmetric
A2 wave

£ 0.0004-
<

0. 0000 T
350 375 400 425 450
ka
Figure 11 (c) Resulting Resonance Spectra of the
antisymmetric A2wave

4. RESULTS

4.1 Cut-off Frequency

The spectrogram images in Figures 9, 10 and 11, show
clearly the evolution of the antisymmetric Ab
symmetric S1(with m=2) and antisymmetric A2waves,
on the time-frequency plane (remark 31) respectively
(the reduced frequencies ranges are ka>132, 200< ka
<400 and 395< ka<500 respectively). With increasing
time, the trajectory associated with these different
waves tends to asymptotic values which equal the

reduced cut-off frequencies (ka)c , (ka)c and
k ) ) .

( a)ﬁ respectively. This reduced cut-off frequencies

are the intersection points of the wave’s asymptotic

trajectories and the reduced frequency axis.

The recorded values are,

ka)A = 132.0 £ 0.5 (Fig. 9b),
(

Q@'BEI: 264.7 £ 0.5 (Fig. 10b) and,
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(Ka)A — 3963 508 (Fig. 11b).

The comparison between the results obtained by
the time-frequency spectrogram method and the other
method mentioned above (Table 2) are in good
agreement.  The following table summarizes the
comparison between the various methods results.

Table 2. Comparison between the obtained results

Circumferential

Lamb wave
Wave waves
type ka

fe/2(Mhz mm) Ka ( spectrogram

method)
A1 0.775x0.020 132.5+3.41 132 £ 0.5
S 1.550+0.020 264.8+3.41 264.7£0.5
A2 2.325+0.020 397.5%£3.41 396.3+ 0.5

4.2 Transverse and Longitudinal Velocities

For the antisymmetric Aland A2 waves (with m=1
and m=3 respectively), the transverse velocity, of the
aluminum material of the tube, determined by the
Spectrogram images (Fig 9.b and 11.b respectively)
are CT= 3088 + 18.0 m/s and CT= 3090.6 + 18.0 m/s
respectively.

For the symmetric S1 wave (with m=2), the
longitudinal velocity estimated by the Spectrogram
image (Fig 10.b) is CL= 6192.8 + 9.0 m/s. Moreover,
we note that the transverse velocities estimated by the
antisymetric Aland A2 waves and the longitudinal
velocity obtained by the symmetric Si wave agree
with those given by the normal mode [13,30,36,41]
(Ct=3 100 m/s and Cl = 6380 m/s).

5. CONCLUSIONS

The time-frequency spectrogram representation can be
utilized as a good technique for characterizing a thin
elastic tube. The characterization consists in
determining different parameters such as the cut-off
frequencies, the longitudinal and transverse velocities.
This representation gives a good energy distribution in
the time-frequency plane. The spectrogram images
allow identifying the circumferential waves
propagating around the tube circumference, and
follow the evolution of the frequency contents of each
circumferential wave with respect to time. This
representation allows us to determine, with precision,
the cut-off frequencies of the Al Si and Az waves.
The comparison between the cut-off frequencies
obtained from the spectrogram images and those
calculated theoretically by the normal modes theory
are in good agreement. Thus, we can consider
measurements of the cut-off frequencies in situations
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where theoretical results are not available. Moreover,
in the majority of composite materials (very complex
structures), the prediction of the circumferential waves

characteristics from theory

is almost impossible.

However, one can easily measure them by using the

spectrogram time-frequency representation.

Finally

this representation permits the determination of the
transverse and longitudinal velocities of an aluminum

tube.

The results of the velocities are seen to be in

good agreement with those measured by earlier
experimental methods found in the literature.
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