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This research verified the applicability and effectiveness of the ultrasonic monitoring of sediments stuck on the inner wall of
polyvinyl chloride (PVC) pipes. For identifying the transmittance of acoustic energy and the speed of sound in the PVC material,
the pulse-echo ultrasonic testing was conducted for PVC sheets of different thicknesses. To simulate the solidified sediment, the
hot melt adhesive (HMA) was covered on the inner wall of the PVC pipe in different heights. From the experiment, the speeds of
sound in the PVC and the HMA materials were obtained as about 2258 and 2000 m/s, respectively. The thickness of the materials
was calculated through the signal processing such as taking the absolute value and low pass filtering, the echo detection, and the
measurement of the time of flight. The errors between actual and measured thicknesses of PVC sheets were below 5%. In the case
of the substance stuck on the inner wall, the errors were below 2.5%. Since the pulse-echo ultrasonic inspection is available on the
outer surface and its measurement accuracy was over 95%, it can be an efficient and effective in-service structural health monitoring

for the sediment on the wall of PVC pipes.

1. Introduction

Polyvinyl chloride (PVC) plastic is amorphous and provides
good performance at low cost; it has been widely used for
a variety of industrial purposes as well as infrastructural
and building applications such as fluid and gas distribution
networks [1-3]. In particular, in the manufacturing field,
various kinds of materials are delivered from huge tanks to
each machine through pipe networks. In the case of inviscid
flow, internal corrosion and surface cracks are serious issues
threating the structural health and safety in PVC pipelines.
On the other hand, when viscous or adhesive materials such
as paint, cement, gel, and liquid polymer flow in the PVC
pipe, they can stick to the inner wall of PVC pipes due to their
viscosity and then become solidified. As the sediment sticks
thicker on the inner wall, the internal pressure in the pipeline
increases. This can result in not only the flow blockage and
even its explosion but also huge productivity losses [4, 5]. For
this reason, the accumulation of the sediment on the inner

wall of PVC pipes has raised one of the critical issues in terms
of the structural maintenance and productivity.

For the advanced prevention caused by the sediment
deposition on the inner wall of the PVC pipeline, it is
necessary to measure the thickness of the stuck material.
However, in general, in order to inspect the inner state of the
pipeline, the pipes should be disassembled independently of
each other and then each pipe can be examined individually.
Since this kind of structural maintenance for PVC pipelines
requires the suspension of operation, it is not time- and cost-
efficient. To save time and money, the in-service nondestruc-
tive evaluation (NDE) for the inner part of the pipeline should
be introduced without intermission in operation [6]. That
technique should be able to diagnose the inside of the pipe at
its outer wall without the separation of pipes from the entire
pipeline.

Ultrasonic testing (UT) can be one of the useful NDE
techniques for the inspection of the pipeline [5]. In UT, the
acoustic waves are transmitted into materials and then the
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FIGURE 1: Pulse-echo ultrasonic method for two materials.

material characteristics or properties are evaluated through
detecting and analyzing the reflected or transmitted signal
[7-9]. Ultrasonic testing has been used for a variety of
applications such as detecting surface and subsurface defects
and measuring the depth of flaws, the thickness of materials,
and the rate of flow because ultrasonic measurements are
rapid, accurate, and nondestructive; moreover, it can be fully
automated and conducted in-service [4, 6, 9-11]. For the
polymeric materials and processes, ultrasounds have been
used for numerous purposes such as polymer blending [12-
16], characterization of polymers in both solid and liquid
states [17-22], the measurements of wave velocities and
attenuation [23-28], and the monitoring of the flow in plastic
pipes [29-31]. However, the UT application of monitoring for
the inner wall of the PVC pipe is rare although PVC pipe has
been widely used for many fields. Through utilizing the many
advantages of UT, the inside state of the PVC pipes can be
monitored in-service. Then, it can be possible to diagnose and
prevent the potential threats such as the flow blockage in pipe
and its explosion in advance.

As a practical application of UT for manufacturing indus-
try, this research studied the applicability and effectiveness
of the ultrasonic monitoring for the sediment stuck on the
inner wall of a PVC pipe. Since the inspection should work
on the outer surface of PVC pipes and measure the thickness
of materials, a pulse-echo ultrasonic measurement was pro-
posed in this research [32]. With PVC sheets and hot melt
adhesive (HMA), that is, also known as hot glue gun stick,
the transmittance of ultrasonic waves in the PVC material and
the speed of sound in the PVC and sediment materials were
investigated. The HMA was used to simulate the solidified
sediment in order to verify its practical effectiveness.

2. Theory

In a certain medium, acoustic waves travel with the speed of
sound dependent on stiffness and density of the medium they

are passing through. Generally, the speed of sound c is given
by the Newton-Laplace equation:

)

where K is a coefficient of stiffness or the bulk modulus and p
is the density. The speed of sound is constant in the uniform
material under the same circumstances such as temperature
and stress state. Thus, by measuring the time of flight of the
acoustic wave, the travel distance can be calculated.

Figure 1 shows the principle of the pulse-echo method. A
pulser/receiver supplies a high voltage electrical pulse to the
transducer and amplifies the received ultrasonic wave signal.
In the case of single material, the wave is almost reflected
when it meets boundaries that have a significant difference in
acoustic impedances (Z) of the materials on each side of the
boundary, such as a discontinuity or the back wall [33, 34].
On the other hand, in the case of multimaterials that have
similar acoustic impedances, some wave energy transmits
to the neighboring material and the rest is reflected. The
transmitted wave is eventually reflected at the back surface.
Even though part of the sound energy is attenuated, reflected
signals can be detected if the amplitude of the initial pulse is
high enough.

Since the reflected signal travels back and forth between
front and back surface, the travel distance and travel time of
the wave have the following relationship:

_2s

t >
(o

2)

where ¢ is the time of flight (TOF), s is the one-way travel
distance or the thickness of the material, and c is the speed of
sound in the material. Thus, the speed of sound in a certain
material can be calculated when we know its thickness.
Conversely, the thickness of a material can be calculated by
measuring the TOF of acoustic waves when the speed of
sound of the material is known. Likewise, the thickness of



The Scientific World Journal

(a) PVC sheets

(b) PVC pipe segment

FIGURE 2: PVC specimens: (a) sheets and (b) pipe segment.
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FIGURE 3: Pulse-echo ultrasonic inspection for PVC sheets.
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FIGURE 4: Pulse-echo ultrasonic inspection for PVC pipe.

a neighboring material can be calculated by measuring the
TOF in the neighboring material as follows:

tp—t
Sp-aA =Sgp—Sp=CgX BZA, (3)

where sp_, is the one-way travel distance or the thickness
of the material B, t, is the TOF of the first reflected echo
from the back surface of material A, ¢ is the TOF of the first
reflected echo from the back surface of material B, and ¢z is
the speed of sound in the material B.

While the ultrasonic wave travels through the medium,
its amplitude exponentially diminishes with the propagation
distance. Although the amplitude reduction is ideally caused
by the spreading of the wave, scattering and absorption
weaken the ultrasound in natural materials. Scattering is the
reflection of the wave in many directions and absorption
is the conversion of the sound energy into other forms of
energy. The combined effect of them is called attenuation.
Ultrasonic attenuation is the decay rate of the ultrasonic wave
while it propagates through material. The amplitude variation
of a decaying wave can be expressed as

A= Aoefo‘x, (4)

where x is the propagation distance, A is the amplitude at x,,,
A, is the amplitude at x, and « is the attenuation coefficient.
From (4), we can obtain the attenuation coeflicient as follows:

L ()
o= xln<A > [Np/m]. (5)

X

The units of the attenuation value in neper per meter (Np/m)
can be converted to decibels per meter (dB/m) by multiplying
by 8.686.

3. Specimen and Experiments

PVC specimens used for the pulse-echo ultrasonic testing are
as shown in Figure 2. Each sheet is 100 mm wide and 100 mm
tall. The thicknesses of them are 3, 5, 8, 10, 15, and 20 mm.
PVC sheets were used for the measurement of the speed
of sound, the ultrasonic transmittance, and the attenuation
coefficient of sound waves in PVC material. PVC pipe was
used to evaluate the effectiveness of the practical application
of the pulse-echo ultrasonic inspection on the curved surface
to measure the thickness of adhesive substance stuck on the
inner wall of the pipe. The nominal size of the pipe is 200 mm
and its wall thickness is 10.3 mm.

In order to evaluate the ultrasonic transmittance in PVC
materials, TOFs in PVC sheets of different thicknesses were
measured in the pulse-echo ultrasonic inspection as shown
in Figure 3. When the pulser/receiver excites a negative
electrical pulse, the PZT transducer is driven to produce
acoustic waves. If the amplitude of the initial pulse is high
enough to return to the PZT transducer, the echo signals
reflected from the opposite surface are detected. The digital
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oscilloscope converts the electrical signal into the digital data
through the embedded analog/digital converter and displays
the transmitted and reflected waves. By signal processing of
the digital data in MATLAB software, the speed of sound in
the material and the thicknesses of specimens are calculated
from (2). The attenuation coeflicient of sound waves was
additionally obtained.

HMA is used to simulate the adhesive substance on the
inner wall of PVC pipe. In the pipe, the critical threat to its
safety is not just sticky fluids but the fluid substance that
adheres to the wall and becomes solidified. The accumulation
of the hard sediment on the inner wall obstructs the flow,
which increases the internal pressure in the pipe. This causes
flow blockage in pipe and even its explosion. In terms of being
solidified from the fluid state, the glue gun stick has similar
material characteristics with the sticky sediments on the wall

of PVC pipes. When it is hot, it is fluid. As it cools down, it
becomes hard and ends up as a solid.

To investigate the effectiveness of the pulse-echo ultra-
sonic monitoring for sediments on the wall of the PVC pipe,
HMA was squeezed onto the inner wall of the PVC pipe.
Different thicknesses of solidified substances were formed by
controlling the amount of the HMA. The thicknesses of the
HMA covered on the wall of the PVC pipe are 3.92, 6.79, 7.49,
10.05, and 11.63 mm.

Likewise with the experiment for PVC sheets, TOFs in
PVC pipe and the solidified adhesive of different thicknesses
were measured in the pulse-echo ultrasonic inspection as
shown in Figure 4. Unlike PVC sheets, some acoustic energy
transmits from the PVC pipe into the adhesive material and
the rest is reflected at the interface between the PVC pipe and
the solidified adhesive. If the amplitude of the initial pulse
is high enough to return to the PZT transducer even after
transmitting into the solidified adhesive material, the acoustic
wave will be reflected from the back surface of the adhesive
substance and this echo signal can be detected. Through
signal processing in MATLAB, the speed of sound in the
HMA and the thicknesses of the adhesive substance on the
inner of wall of the PVC pipe are calculated from (3).

4. Experimental Results

From the experiment for the PVC sheets, the speed of
sound and the attenuation coeflicient in PVC material were
measured. With the PVC sheet of 3 mm thickness, the pulse-
echo signals were detected by PZT transducer as shown
in Figure 5(a). In order to calculate the speed of sound in
the PVC material, TOFs between pulse-echoes should be
obtained. In measuring the thickness of specimens and the
speed of sound by obtaining TOFs, the accuracy of time
measurement is very significant. Since there can be phase
conversion of the pulse wave at the boundary or ringing can



The Scientific World Journal

: 1st echo :
1 2nd echo . . . i
,_—3rd echo 4th echa
0
1st echo
ot CC19
: M 3rd echo
—
.
. . 1stecho
~ 1 : : : : : : : : : : E
= 2nd ech
2 : : : : : : : 1& :
20
% Ist ech
: : : 'st echo
< : : : = i
. A\‘ 2nd-echo
1 B B B B B B _
: : ‘ : Ist e;ho ‘
0 M
1 . . . _
1st echo
0 1 1 1 1 1 1 1 1 1 s
0 2 4 6 8 10 12 14 16 18 20 22
Time (us)
—— T:3mm —— T: 10 mm
—— T:5mm —— T:15mm
—— T:8mm —— T:22mm
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occur, selecting proper peaks is critical to exactly calculate
TOFs. To make this easy and accurate, several digital signal
processing techniques are necessary.

First, to the speed of sound in the PVC material, the
absolute value of the raw signal was taken as shown in
Figure 5(b). Since the autocorrelation method is effective to
detect repeats or periodicity in a signal, the autocorrelation
processing was used in order to more accurately measure
the TOFs between pulse-echoes as shown in Figure 5(c). The
measured TOFs are as shown in Table 1. From these results
and thickness of the PVC sheet, the calculated speed of sound
was calculated as about 2258 m/s, that is, similar as the well-
known speed of sound in the PVC material.

After the pulse-echo peaks were detected as shown in
Figure 5(b), the attenuation coeflicient in the PVC material
was calculated by (5). Figure 6 shows the attenuation of
acoustic energy in the PVC sheet of 3 mm thickness. By linear
fitting of attenuation, the attenuation coeflicient in the PVC
material (apy) was obtained as about 1.8 dB/mm.

Ultrasonic transmittance in PVC material was investi-
gated through the reflected signal measurement for the PVC
sheets of different thicknesses. In order to detect pulse-echo
signals clearly, the absolute values of the raw signals were
taken as shown in Figure 7. Each signal measured from the
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FIGURE 8: Signal processing of the reflected ultrasonic wave: taking
absolute value of the raw signal and the filtered-out signal of the
absolute value.

TaBLE 1: Time of flight and speed of sound.

Initial 1st to 2ndto  3rdto
Travel route to Ist 2nd 3rd 4th  Average
peak peak peak peak
(Tlf)‘e offight ) 600 2607 2733 2695  2.659
Travel distance 6 6
(mm)
Speedofsound 500 2300 J105 2226 2258
(m/s)

PVC sheets of different thicknesses is as shown in different
colors. As the thickness of the PVC sheet became thicker,
the TOF increased proportionally as shown in Table 2. The
measured thickness of the PVC sheets was calculated from
(2). The errors between actual and measured thicknesses
were below 5%, which means that an ultrasonic pulse is
able to propagate deeper than 40 mm without the significant
frequency variation.

However, as the propagation depth was deeper, the ampli-
tude decreased exponentially as shown in Figure 7. For ampli-
tying the low amplitude signal, the gain of pulser/receiver
was increased up to +50dB and the pulse-echo ultrasonic
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TABLE 2: The time of flight and the measured thickness of PVC sheets.

Specimen T3 T5 T8 T10 T15 T22
Time of flight (us) 2.65 4.23 713 8.63 13.0 19.7
Actual thickness (mm) 3.0 5.0 8.0 10.0 15.0 22.0
Measured thickness (mm) 2.99 4.77 8.05 9.74 14.64 22.24
Error (%) 0.19 4.52 0.61 2.59 2.39 111
TABLE 3: The time of flight and the measured thickness of foreign substances.
Specimen S1 S2 S3 S4 S5
Time of flight (us) 3.92 6.645 7.605 10.2 11.76
Actual thickness (mm) 3.92 6.79 7.49 10.05 11.63
Measured thickness (mm) 3.92 6.65 7.61 10.20 11.76
Error (%) 0.00 2.14 1.54 1.49 1.12
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FIGURE 9: Absolute signal of the reflected ultrasonic wave.

measurement was conducted for the PVC sheet of 22 mm
thickness. The experimental results and their signal process-
ing results are as shown in Figure 8. In the gain of 0 dB, the
reflected signal was detected but was too small compared to
the initial pulse, whereas the first and second echo signals
were obvious in the gain of +50 dB. In order to detect echo-
pulses more clearly, the absolute value of the received signal
was taken, and then the high frequency components were
filtered out with a low pass filter. In consequence of that signal

processing, the pulse-echo detection from the processed data
is easier and clearer than from the raw signal.

In the experiment with the PVC pipe, likewise with
obtaining the speed of sound in the PVC material, the speed
of sound in the adhesive sediment was measured as about
2000 m/s. The signal processing with taking the absolute
value and low pass filtering was applied to detect the pulse-
echoes from the reflected signals measured from the PVC
pipe as shown in Figure 9. The pulse-echoes from the wall of
PVC pipe were detected at the specific time zones regardless
of the thickness of the sediment that stuck on the wall. On
other hand, the echo from the back surface of the sediment
material was shifted depending on the thickness of them.
The TOFs to the back surface of the sediment increased as
shown in Table 3. The measured thickness of the sediment
material was calculated from (3). The errors between actual
and measured thicknesses were below 2.5%, which means
that an ultrasonic pulse is able to measure the thickness of
the substance that stuck on the wall of the PVC pipe.

5. Conclusions

The transmittance of ultrasonic wave in the PVC material
and the applicability and effectiveness of the pulse-echo
ultrasonic monitoring of the sediment which stuck on the
inner wall of the PVC pipe were studied. For investigating the
transmittance of acoustic energy in the PVC, the pulse-echo
ultrasonic testing for the PVC sheets of different thickness
was conducted. In addition, to simulate the sediment that
stuck on the wall of the PVC pipe, the HMA was covered
on the inner wall of the PVC pipe. The thicknesses of the
sediment materials were measured through the pulse-echo
ultrasonic testing and signal processing techniques.

In the experiment for PVC sheets, the speed of sound
in PVC material was calculated as about 2258 m/s similar as
the well-known speed of sound in PVC material. The echo
signal was detected for the PVC sheet of 22 mm thickness.
In the thickness measurement of PVC sheets with signal
processing such as taking the absolute value and low pass
filtering, the errors between actual and measured thicknesses
of PVC sheets were below 5%. In the experiment for PVC
pipe, the speed of sound in the hot adhesive material was
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calculated as about 2000 m/s. The errors between the actual
and measured thicknesses of the stuck material were below
2.5%.

The results from the experiment showed the low errors
between actual and measured thicknesses of the PVC mate-
rial and the sediment. This supports that the pulse-echo
ultrasonic inspection system is effective and applicable for the
monitoring of sediments that stuck on the wall of the PVC
pipe as well as the PVC material.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was supported by the National Research
Foundation of Korea (NRF) Grant funded by the Korean
government (NRF-2013M2A2A9043241).

References

[1] W. M. Qiao, Y. Song, S.-H. Yoon, Y. Korai, I. Mochida, and O.
Katou, “Preparation of PVC pitch from waste pipe;” Carbon, vol.
43, no. 9, pp. 2022-2025, 2005.

[2] A. Demcenko, R. Akkerman, P. B. Nagy, and R. Loendersloot,
“Non-collinear wave mixing for non-linear ultrasonic detection
of physical ageing in PVC,” NDT and E International, vol. 49, pp.
34-39, 2012.

[3] S. Kim, “Pyrolysis kinetics of waste PVC pipe;,” Waste Manage-
ment, vol. 21, no. 7, pp. 609-616, 2001.

[4] K. Lee II, “Ultrasonic technique for measuring the thickness
of scale on the inner surfaces of pipes,” Journal of the Korean
Physical Society, vol. 56, no. 2, pp. 558-561, 2010.

[5] G.P.P.Gunarathne and Y. Qureshi, “Development of a synthetic
A-scan technique for ultrasonic testing of pipelines,” IEEE
Transactions on Instrumentation and Measurement, vol. 54, no.
1, pp. 192-199, 2005.

[6] N. H. Abu-Zahra and A. Seth, “In-process density control of
extruded foam PVC using wavelet packet analysis of ultrasound
waves,” Mechatronics, vol. 12, no. 9-10, pp. 1083-1095, 2002.

[7] Y. Lei and Z.-P. Zheng, “Review of physical based monitoring
techniques for condition assessment of corrosion in reinforced
concrete,” Mathematical Problems in Engineering, vol. 2013,
Article ID 953930, 14 pages, 2013.

[8] W. Li, Y. Cho, J. Lee, and J. D. Achenbach, “Assessment of
heat treated inconel X-750 alloy by nonlinear ultrasonics,’
Experimental Mechanics, vol. 53, no. 5, pp. 775-781, 2013.

[9] N. H. Abu-Zahra and S. Karimi, “On-line monitoring of PVC
foam density using ultrasound waves and artificial neural
networks,” International Journal of Advanced Manufacturing
Technology, vol. 19, no. 8, pp. 618-622, 2002.

[10] L. C. Lynnworth, “Industrial applications of ultrasound. A
review. II. Measurements, tests, and process control using
low intensity ultrasound,” IEEE Transactions on Sonics and
Ultrasonics, vol. 22, no. 2, pp. 71-101, 1975.

[11] L.Piche, “Ultrasonic probe for on-line process monitoring,” SPE
Antec Technology Papers, vol. 56, no. 3,1998.

[12] L. Erwin and J. Dohner, “Measurement of mixing in polymer
melts by focused ultrasound,” Polymer Engineering and Science,
vol. 24, no. 16, pp. 1277-1282, 1984.

[13] R.S. Bear Jr. and S. D. Brown, “Ultrasonic pulse method with
nonlinear calibration for quantitative monitoring of polymer
blends over a wide temperature range;,” Analytical Chemistry,
vol. 65, no. 9, pp. 1169-1173, 1993.

[14] R. Gendron, L. Piche, A. Hamel, M. Doumoulin, and J. Tat-
ibouet, “Ultrasonic characterization of extrusion instabilities,”
SPE Antec Technology Papers, vol. 55, no. 2, 1997.

[15] R. Gendron, L. E. Daigneault, J. Tatibouét, and M. M.
Dumoulin, “Residence time distribution in extruders deter-
mined by in-line ultrasonic measurements,” Advances in Poly-
mer Technology, vol. 15, no. 2, pp. 111-125, 1996.

[16] A. Sahnoune, L. Piche, A. Hamel, R. Gendron, and L.
Daigneault, “Ultrasonic monitoring of foaming in polymers,”
SPE Antec Technology Papers, vol. 55, no. 2, 1997.

[17] R. Kono, “The dynamic bulk and shear viscosities of
polyvinylchloride,” Journal of the Physical Society of Japan, vol.
16, no. 9, pp. 1793-1794, 1961.

[18] R. Kono, “The dynamic bulk and shear viscosity of high
polymers, 1,” Journal of the Physical Society of Japan, vol. 16, no.
8, pp. 1580-1586, 1961.

[19] 1. I. Perepechko and P. D. Golub, “The acoustic properties of
polymers with an asymmetric potential barrier at liquid-helium
temperatures,” Polymer Mechanics, vol. 9, no. 4, pp. 663-664,
1975.

[20] A. Sahnoune, A. Hamel, and L. Piche, “Ultrasonic character-
ization and rheology of polymer foams,” in Technical Papers
of the Annual Technical Conference-Society of Plastics Engineers
Incorporated, vol. 2,1998.

[21] A. A. Higazy, M. E. Kassem, A. Y. Kandeil, and R. R. Zahran,
“Ultrasonic characterization, hardness and dielectric properties
of y-irradiated poly vinyl chloride,” Materials Letters, vol. 20, no.
3-4, pp. 237-244, 1994,

[22] L. Piche, “Ultrasonic velocity measurement for the determi-
nation of density in polyethylene,” Polymer Engineering and
Science, vol. 24, no. 17, pp. 1354-1358, 1984.

[23] S. Koda, K. Yamashita, K. Matsumoto, and N. Hiroyasu, “Char-
acterization of polyvinylchloride by means of sound velocity
and longitudinal modulus measurements,” Japanese Journal of
Applied Physics, vol. 32, no. 5, pp. 2234-2237,1993.

[24] J. Lochab and V. R. Singh, “Acoustic behaviour of plastics
for medical applications,” Indian Journal of Pure and Applied
Physics, vol. 42, no. 8, pp. 595-599, 2004.

[25] B. B. He, Y. Yang, H. Zou, Q. Zhang, and Q. Fu, “Fast
determination of phase inversion in polymer blends using
ultrasonic technique,” Polymer, vol. 46, no. 18, pp. 7624-7631,
2005.

[26] A.Es Saidi and J. Pouliquen, “A new and simple method of solid
polymeric acoustic characterisation by means of the electrical
impedance modulus,” Acta Acustica united with Acustica, vol.
90, no. 5, pp. 813-818, 2004.

[27] K. John, G. J. Reddy, and S. V. Naidu, “Miscibility studies of
poly(vinyl acetate) blends with poly(methyl methacrylate) and
poly(vinyl chloride),” International Journal of Polymer Analysis

and Characterization, vol. 8, no. 4, pp. 295-299, 2003.
[28] B. Pouet and N. J. P. Rasolofosaon, “Ultrasonic intrinsic atten-

uation measurement using laser techniques,” in Proceedings of
the Ultrasonics Symposium, vol. 1, pp. 545-549, 1989.



[29] A. B. Temsamani, S. Vandenplas, and L. van Biesen, “Optimal
model for the diffraction effect in the ultrasonic field of piston
transducers,” Journal of Computational Acoustics, vol. 9, no. 2,
pp. 461-476, 2001.

[30] R. Gendron, J. Tatibouet, J. Guevremont, M. Dumoulin, and
L. Piche, “Ultrasonic behavior of polymer blends,” Polymer
Engineering Science, vol. 35, no. 1, pp. 79-91, 1995.

[31] A. Sahnoune and L. Piche, “Glass transition and ultrasonic
relaxation in polystyrene,” in Proceedings of the MRS Fall
Meeting, vol. 455, 1996.

[32] H. A. Afify, “Ultrasonic pulse echo studies of the physical prop-
erties of PMMA, PS, and PVC,” Polymer-Plastics Technology and
Engineering, vol. 42, no. 2, pp. 193-205, 2003.

[33] H.G. Tattersall, “The ultrasonic pulse-echo technique as applied
to adhesion testing,” Journal of Physics D: Applied Physics, vol. 6,
no. 7, article 305, pp. 819-832, 1973.

[34] D.T.Blackstock, Fundamentals of Physical Acoustics, John Wiley
and Sons, New York, NY, USA, 2000.

The Scientific World Journal



International Journal of

Rotating
Machinery

International Journal of

The Scientific oA Distributed
World Journal Sensors Sensor Networks

Journal of
Control Science
and Engineering

Advances in

Civil Engineering

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of
Electrical and Computer
Engineering

Journal of

Robatics

Advances in
OptoElectronics

International Journal of

Modelling &
oot (il St perospags
Observation in Engineering

e

Aoes

5//{/?

International Journal of nas and Active and Passive
Chemical Engineering Propagation Electronic Components




