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ABSTRACT

In this paper, an attempt is made for a problem lohgitudinal wave travelling through an elastiat@ in water. The prob-
lem is reduced to that of an experimental and #texal investigation of the reflected and transedittvaves. To solve the
problem, a test sample of lateral dimension 202mbB@G&mm x 10mm (Carbon steel) immersed in water wasidered.
An incident pulse was generated by a transducesnenside of the plate and received by an identiealsducer on the
other side of it. The generated pulse was alsolabedi using the 1D model in the time domain. Sitadaand experimen-
tal ultrasonic traces have been used to analyrmalsidrom the plate.

INTRODUCTION

Steel is essential in the building of bridges andl struc-
tures. However, problems facing builders of suchcstires
include cracking and corrosion. These factors redthe
strength in steel structures. Cracking is due tcadyin load-
ing or fatigue while corrosion is due to the enmirental
chemicals on steel structures.

Here, we study the longitudinal wave reflection aehsmis-
sion using a one-dimensional model in the time doma
Longitudinal waves which are launched into the glate
reflected from the plate, however, these waves lzaper-
fectly transmitted without the reflections.

The study of longitudinal waves has important aggtions in

nondestructive testing (NDT). The amount of reftattand

transmission that occur when an ultrasound wavkestran

interface between water and the plate depends ynaimthe

physical state of water and the plate. Here, wiatesed as a
couplant. Ultrasonic testing in water is widely dise nonde-

structive testing. Water is very often used for iension

coupling, because of its easy access and avaiiabili

In this study ultrasonic techniques such as pude eand
through transmission are considered. Longitudimaiamal

transducers are generally used to study the riftecdnd

transmission of ultrasound waves. Ultrasonic pelseo and
through transmission measurements are used foityjaah-

trol of products in many industries. These techegjanable
NDT technicians to monitor deviations of thicknessultra-

sound velocity under industrial conditions. It ssential to
estimate the appropriate thickness and velocityesabased
on the measurement of the time of flight of anadtmic
signal in the plate. The estimation of delay timaultrasonic
through transmission measurements is also essémtihis

study.
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When transmitting and receiving transducers areegldac-
ing each other in a water tank, two signals aredstudied.
These signals are transmitted (a) between theramsducers
only through water and (b) through the immersee!qtéate
placed between the two transducers. It is neceseameas-
ure these signals. Generally, the waveform of tiymad
transmitted through the elastic plate is distorntes to the
frequency dependent attenuation and phase veld@sper-
sion [1-3]. The investigation of several featurefswave
propagation in parallel fluid/solid layer systemasadone by
Plona et al. [4]. The reflection coefficients ofusd waves
incident on a liquid-cubic-crystal half-space haem calcu-
lated by Atalar [5].

The particular problem being discussed in this papacerns
the propagation of incident wave normal to the taykethe
elastic plate placed between identical linear bpHees,
which in this case, is water.

The description of the wave propagation was madssipte
by considering reflections and transmissions duééanitial
incident wave.

ULTRASOUND PULSE ESTIMATION

The transducer signal to be used in our experirnantbe
estimated using a formula given as [6-8]

s(t) =Aexp(-(t-5)*/20%)cos( Zft + ) @)
where A is the amplitude of the pulse,is a parameter to
control the pulse width and determine the puldaeydéme, ¢
is used to center the pulse, f is the center ukaqy of the
pulse and g is the phase.

In order to simulate the signal that closely redesthe real
signal generated by the transducer, we properlgctahe
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parmeters as followso=0.109 and #0.5us, A=1, f=6MHz
and @ =n/2. An FFT algorithm is then applied to the signal
s(t) and a result of the operation performed resintthe
power spectrum as shown in figure 1.

The central frequency of the simulated spectrumesponds
to that of the real transducer which is 5MHz. Thmet
dependent simulated pulse matches well the expetaihe
measured echo pulse signal as seen in figure 2 sirhu-
lated pulse will be used to determine the theaaktiotal
reflected and transmitted responses.

Signal waveform
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Figure 1: Estimated ultrasound pulse and its frequency spec-
trum

In the time domain, the finite duration incidentlgai pro-
duced by the transducer in water is shown in figlire

A

Figure 2: Experimentally measured initial pulse produced by
the immersion transducer of 5SMHz. The distance betwthe
two probes without the plate is 7mifhe vertical axis indi-
cates the amplitude while the horizontal axis repnés the
elapsed time.

Figures 1 and 2 give the comparison between thialipulse
of a 5SMHz transducer and the synthesised pulse Eqn(1).
It is essential to simulate the real transducenaigo that the
theoretical total reflected and transmitted respsnsan re-
semble the real responses.

THEORETICAL SIGNAL RESPONSES

A typical situation in the measurement of both tbftection

and transmission properties of immersed plate isicered.

Here, a longitudinal wave is incident from regiororito an

imaginary plate of lateral dimension 202mm x 100mm
10mm. When an ultrasonic longitudinal wave is ndhmna
incident onto the interface of two different medpart of its

energy and sound pressure reflects back at thefaoeeand

the rest transmits through the interface as seéigune 3 [9,

10].
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Figure 3: Principle of reflection and transmission technigue
The regions outside the plate are identical.

The reflection and transmission ratios of energy ba de-
termined by the acoustic impedances of the two a€lle
time of flight of the transmitted wave is given by

t=dk 2
while the two-way travel time of a reflected waseagiven by
t = 2db 3)
where d is the thickness of the plate. The ing@iditions we
considered in this study suppose that the platetésacting
with a wave pulse given by Eq. (1). The theorettotél re-

flection response z(t) of the plate in the time donmcan be
obtained by the convolution of the impulse respar(gewith

the input signal s(t) appearing in Eq. (1). Mathtoally,
this can be written as
z(t) = q(t) * s(t) (4)

where * represents a convolution operator and is(the
simulated pulse of Eq. (1). The modelling procedtoesists
in determining the total reflection coefficients, @ single
layered plate at discrete frequencies belonginthéospec-
trum of the incident signal of Eq. (1). The overalaterial
frequency response is obtained by multiplying thiéection
coefficient by the corresponding frequency compoméithe
excitation signal. Thus, the received output sigpactrum
is given by

Z(0)= Qr(0)S(©) (6)

where the subscript R represents the reflection mQde@)
and S¢) are the respective Fourier transforms of q(t) and
s(t). Here, the angular frequency is givendby 2af, S() is

the input signal spectrum anci@) is the general model of
the chosen three-layered structure, as shown iardig,
given by [11]

Qr®) = (Riz + Qi (0))e™"; _ _
=((Rz + Rus€™)/(1 +R,R23 €°Y) ) ey (6)

with Ry, being the reflection coefficient from the left thfe
plate, t is the time delay for the pulse traveling the alise
between the transducer and the plate in water gnd @1 —
(R12)%€™)/( 1 +R.Ry3 €7°Y) with t, being the time delay for
the pulse travelling the plate thickness d. Thetohflight of
the transmitted wave is given by Eq. (2) while thve-way
travel time of a reflected wave is given by Eq. \(8)ere d is
the thickness of the plate.

Similarly, for the through transmission technigkg, (5)
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takes the form
Z(0)=T1,T€™"2S ) (7N

where Sg) is the input signal spectrum of the excitation
signal from Eq. (1),tis the time delay for the pulse travel-
ling through the plate thickness d. The outpuhaigs then
determined in the time domain by a numerical ingdfsu-
rier transform as in figures 4 and 5. Figure 4 shéve calcu-
lated reflected response.
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Figure 4. The reflected pulse due to the simulated pulse in
figure 1

In figure 5 the calculated transmitted responsisplayed.
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Figure 5: The transmitted pulse due to the simulated pulse
in figure 1

MEASUREMENT SET-UP AND PROCEDURE

Experimental set-up

Pulse echo and through transmission techniques vimtar
tank are considered. As the water tank is filléd attenua-
tion increases as a result of air dissolving inev@t2]. This
increase can be prevented or reduced to some gagehing
as the water is kept at slow pace or the air igasged before
measurement. That is, the water in the immersiok taust
be free of visible bubbles. The electricity conoedbr the
immersion testing transducer must be waterproofgue
facing material of an immersion transducer is regtigned to
resist wear, therefore direct contact with the atefmust be
avoided. A 5MHz immersion testing transducer wasduis
this study. The equipment used is the Epoch 4B tavec-
tor.
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The ultrasonic beam pattern is the relative seiitsitiof a

transducer as a function of spatial angle. The bpatterns
of transducers are reciprocal, that is, the beathbei the

same whether the transducer is used as a transmoitta

receiver. The larger the diameter of the transdasecom-

pared to a wavelength of sound, the narrower thendo
beam.

Here, the ultrasonic beam pattern is representetthdoyori-
zontal or vertical lines, see figures 6, 7 ando8 tfie simplic-
ity of representing the direction of propagationtted longi-
tudinal pulse. The sound beam is directed throhghwater
into the material using a straight beam techniquegénerat-
ing longitudinal waves in the steel plate. This reblbeam
spreads out to some extent. It is essential to tiwie the
sound beam intensity decreases as the distancetli@cen-
tre of the beam increases. When the sound bearanisntit-
ted, it passes through the water which acts asdplant,
into and through the steel plate.

When the transducer vibrates it does that at al ficequency
and energy moves through the water as ultrasobi@tion.
The velocity is constant for a given medium butiesfrom
one medium to another. For our purpose, a platiatefal
dimension 202mm x 100mm x 10mm, is considered. &hre
types of measurements were performed: one onlugra
water path, another with one transducer to allofiecdon
and the other through the plate placed betweenransduc-
ers. In figure 6, the transmitting transducer amel receiving
transducer were carefully aligned by maximizing #mepli-
tude of the transmitted pulse.

=
=1

Figure 6: Principle of through transmission technique with-
out a plate. T and R represent the transmittingrafidcting
transducers respectively. The horizontal lines ased to
indicate the direction of propagation of the londinal
pulse.

The transmitting transducer T sends pulses reptesdny
s(t) through water without the plate and the reogivrans-
ducer R receives them. The measurement was taikkeoulv
the plate placed between the transducers.

Pulse echo technique

When the ultrasound strikes the steel plate, thesdund
enters the steel plate and within it the veloc#tyconstant.
Pulse echo immersion testing can use time of fligietas-
urements to determine the sound speed. These reeznis
are made between the plate’s front surface andalk sur-
face when there are no discontinuities. Pulse eckasure-
ments provide very good resolution. Here, the tohdight

measurements are made with the aid of a time gate.

Figure 7 shows the pulses sent by the transmittargsducer
and reflected back by the front surface and bactase of
the immersed steel plate to the same transducer.
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Figure 7: Principle of pulse echo technique. The vertical
lines are used to indicate the direction of propiagaof the
longitudinal pulse.

The transducer was positioned such that the tiraesttund
beam takes to travel from the transducer to thiasairof the
steel plate and back is longer than the time thenddeam
takes to travel from the front surface of the siate to the
back surface and back to its front surface.

Through transmission technique

The through transmission technique is widely usechbse it
tests the entire volume of a material within a Entest.
Through transmission ultrasonic testing is usediftection,
verification, sizing and growth rate monitoring afacks in
materials. This technique uses two transducers pitch-
catch arrangement. It is most widely known as tie¢hiod of
inspection in automated immersion testing for datecof
laminars in steel or disbonding in composite matsri

For our purpose the through transmission beingudised is
done manually from external plate surfaces. Trdhn&ue is
especially used for highly attenuating material@wdver,
through transmission technique requires both sifethe
plate to be accessible. In this technique, homanenédest
objects without defects are appropriate to tesabse the
reflection by defects is absent.

In the through transmission configuration, botms@ucers

were mounted to produce a beam perpendicular tcstine

face. Because of the directivity pattern of the dtarcer, the
two transducers must be exactly oriented so tleatdbeiving

transducer receives the maximum amount of soundggne
Here, the part of the steel plate immediately betbe sur-

face is not obscured by the initial pulse.

In figure 8, the transducer-plate separation distdaa 8.8mm
and the transducers are placed 27.6mm apart.

Figure 8: Through transmission technique with a specimen.
The horizontal lines are used to indicate the tiwacof
propagation of the longitudinal pulse.

Measurement of sound velocity

The ultrasonic wave speed can be obtained by niegsiire
travel time of pulses of ultrasonic longitudinalwea over a
known path length. To measure the travel time d$gs) the
transmitting transducer transmits a wave pulse tintoplate
in the case of pulse echo technique. In the caieeahrough
transmission, the travel time is measured wherrgheiving
transducer separated from the transmitting traregue-
ceives the pulse through the plate.

4
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Here, the arrival time of the received signaljs recorded
without placing the sample material between thestacers.
Then, the plate is placed between the transducsdstize
arrival time of the received sign& is recorded again. The
sound velocity in the plate can now be determined b

At = dh,, - div 8)

wherev,, is the sound velocity in water determined from Eq.
(2), v is the sound speed in the plate, d is the thiskiod the
plate andAt =1, - 12.Eq. (8) is then solved to giweas

v= di(dhy, - A1) )

A change in sound speed in water is caused byttheges in
temperature. Thus, the speed of sound is mainiyetibn of
temperature. The sound speed in fresh water’t @6th the
density of 1000kg/thhas a velocity of 1480m/s and acoustic
impedance of 1.48xfRg/n’s. The water used in the experi-
ment had a temperature of°0 In order to determine the
sound speed in the plate the thickness of the platethe
speed of sound in water must be known.

Figures 9 and 11 show signal traces recorded iexgeri-
ment with and without the plate respectively. 1€ tplate is
flawless, then the amplitude of the sound energgived by
the receiving transducer is maximum.

RESULTS AND DISCUSSION

The results are summarized in figures 9, 10 anchldidut
which the following observations can be made. Fagar
shows the indications made by the transmitting siiacer
and the receiving transducer placed 27.6mm aph#.high-
est indication is received by the receiving tramsdindicat-
ing that the medium is flawless. The lower pulsé b re-
ceived when the discontinuity is largest.

Figure 9: The transmitted pulse in water without the plate
placed between the identical transducers. The cegraxis
indicates the amplitude while the horizontal axépresents
the elapsed time.

The first indication represents the transmittirapsducer and
the second indication represents the receivingthacer.

The second indication in figure 9 represents alsingp
(27.6mm) made by the pulse traversing between tanst
ducers. The third indication occurred after thespuias made
three trips (82.80mm) because of the longer rargesen.
The fourth indication occurred after the pulse hasle five
trips (138.48mm) from the transmitting transdudére aver-
age time, At;, taken by the pulse to complete a trip is
18.4Qus. The water velocity calculated using this timel an
the average distance between the transducers (2.6
1499.9m/s at 1%T.

For the pulse echo technique the reflected puls®FHmode,
is shown in figure 10.
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Figure 10: Reflected signal from the plate. The vertical axis
indicates the relative amount of received energylenthe
horizontal axis represents the elapsed time wtiacklated to
the sound energy travel time within the plate.

The time interval between the initial pulse andhfreurface
indications represents the travel time of the atirdc signal
through the water. The time interval between tlumtfrsur-
face and back surface represents the time traveidrsteel
plate.

The first indication represents the initial pulskee second
indication represents the front surface of theeplahe third
indication represents the back surface. The resteofndica-
tions represent the multi-reflections of the secand third
indications. That is, the pulse is trapped insiue flate. The
first, second, third and fourth indications occtirl@d3mm,
11.49mm, 20.33mm and 30.09mm, respectively. Findlireg
differences of the above consecutive values andagirgy
them gives the thickness of the plate, that is,hOm

The change in timeAt, is assumed to be the time delay be-
tween two consecutive echoes. The speed of sourad-is
sumed to be in the plate. The average tim&t, for all the
reflections is 3.2ts. Thus, the velocity of ultrasound in a
plate is calculated using Eg. (3) to give 6116.&1m/

Figure 11 shows the indications that occur as altre$ the
pulse passing through the carbon steel plate. iftestrong
indication represents the initial pulse while th@ldwing
indication represents the pulse emerging the pHEte.other
indications are repeatitions of the initial onesaese of the
longer range chosen. From the flaw detector scrbenech-
oes occurred at.33mm 10.38mm, 20.86mm, 28.29mm and
39.65mm respectively. The averaged differenceshekd
values give the thickness value of the specimenbdo
9.58mm.

Figure 11: Transmitted pulse with a plate placed between the
identical transducers from experiment. The vertioas indi-
cates the relative amount of received energy wihiéehori-
zontal axis represents the elapsed time beingerklat the
sound energy travel time within the plate.

Here, the time difference\r, is 4.78@s. Using this value
and the value of the speed of ultrasound in wadérutated
earlier as well as the thickness of the plate,vhlee of the
speed of ultrasound in the plate is 5299.4m/s &atled using

Eq. (9).

Table 1 gives the comparison between the theoteticd
experimental velocities in water and steel.
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Table 1. Comparison between velocities in water and steel
found theoretically and experimentally. PE (Pulshoetech-
nique) and TT (through transmission).

Material Theoretical PE value | TT value
value
V (m/s) V (m/s) V (m/s)
Water 1480 28C | - 1500 18
Steel 5900 6116.21 5299

The measured values of thickness of plate read thanflaw
detector for the pulse echo and through transmmistéch-
niques were compared with those of vernier calgeeindi-
cated in Table 2.

Table 2. Comparison of thickness measurements using
vernier caliper, pulse echo (PE) and throughstrassion

(IT)
Sample Vernier PE TT
(mm) (mm) (mm)
Steel 10 10 9.6
CONCLUSION

Ultrasonic data has been collected and displayeBFRag\-
scan presentations as in figures 9, 10 and 11 eThesenta-
tions display the amount of received ultrasonicrgnes a
function of time.

The scanning of the ultrasonic transducer has pegormed
in the region with dimensions 202mm along x axi@)rhm
along y axis and 10mm along z axis. The numericadehof
the plate under investigation was developed andlaiimon of
the expected waveform, reflected by the plate aasised
through the plate, was performed. The simulated exeri-
mental A-scan signals obtained from the plate aesgnted
in figures 4, 5, 10 and 11. The multiple reflecidnom the
interfaces have been also taken into account.

The work describes a qualitative study of how atiodsngi-

tudinal waves behave in water and a plate immedrsadter.
We have presented a mathematical technique to rperéo
simulated input pulse which closely resembles thigial

pulse generated by an immersion transducer of SMHEe.
computation of the estimated pulse included thgueacy
spectrum with a center frequency of 5MHz. The fdarused
gives a good representation of the pulse in batie tand
frequency domains.

Experiments demonstrated reflection and transmissfahe
pulse passing through water with and without tleepl

REFERENCES

1 R. RaiSutis and A. VoleiSis and R. Kazys, “ Applicatio
of the through transmission ultrasonic techniqueef®
timation of the phase velocity dispersion in plastiate-
rials” Ultragarsas (Ultrasoundj3, 15-18 (2008)

2 Fellah Z.E. and C. Depolier, "Determination of traog
parameters in air-saturated porous materials ¥iected
ultrasonic waves” J. Acoust. Soc. Ametll4, 2561-
2569 (2003)

3 R. Raisutis, R. Kazys and L. Mazeika, “Application of
the ultrasonic pulse-echo technique for qualitytaarof
the multilayered plastic materials” NDT&E Interna-
tional. 41, 300-311(2008)

4 T.J. Plona, KW Winklerand and M. Schoenberg,
“Acoustic waves in alternating fluid/ solid layer3’ of
the Acoust. Soc. of Am81, 1227-1234 (1987)



23-27 August 2010, Sydney, Australia

5

10

11

12

Z. Atalar, “Reflection of ultrasonic waves at a lidu
cubic-liquid interface” J. of the Acoust. Soc. ofmarica
.73, 435-440 (1983)

R.A. Stephen, “Synthetic seismograms for the case of
the receiver within the reflectivity zone” Geophys.R
astr. Socb1, pp. 169-181 (1977)

R. Ciocan and N. Ida, “Applications of transmissiomel|
matrix method for NDT” NDT.net8, 1-9 (2003)

R. Drai, M Kheli and A. Benchaala, “Time frequency
and wavelet transform applied to selected problems
ultrasonics NDE” NDT&E internationaB5, 567-572
(2002)

C. Zhu and V.K. Kinra, “Time-domain ultrasonic meas-
urement of the thickness of a sub-half-wavelendgis-e
tic layer” J. of Testing and Evaluatio0, 265-274
(1992)

S.J. Orfanidis, Electromagnetic waves and antennas
(ECE Department Rutgers University, 94 Brret Road,
Piscataway, NJ 08854-8058, 2004) pp. 171-172

F. Héagglund, Tools for ultrasonic characterizatioh
layered media, (Luled University of Technology, De-
partment of Computer Science and Electrical Engineer
ing, EISLAB, Luled, Sweden, 2007) pp. 56
Nondestructive testing Handbook, Third editighlJI-
trasonic Testing, Technical editors: G. L. Worknzamd

D. Kishoni, Editor: P. O Moore, (Amer. Soc. For Non
destructive Testing, 2007) pp. 263

Proceedings of 20th International Congress on Atoxs)dCA 2010

ICA 2010



