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Defect imaging with guided waves in a pipe

Takahiro Hayashi® and Morimasa Murase
Faculty of Engineering, Nagoya Institute of Technology, Gokiso Showa Nagoya, 466-8555, Japan

(Received 22 September 2004; revised 6 January 2005; accepted 7 January 2005

Guided wave techniques are expected to become an effective means for rapid, long-range inspection
of pipes. Such techniques still have many practical difficulties in application, however, due to the
complex characteristics of guided waves such as dispersion and their multimodal nature. A defect
imaging technique is developed in this study to overcome the complexities of guided wave
inspection. Received signals are separated into single-mode waveforms with a mode extraction
technique and then spatial waveforms on the pipe surface at an arbitrary time are reconstructed. The
predicted waveforms can provide a defect image at the moment when an incident wave arrives at a
defect region, which is based on a time-reversal technique. This defect imaging technique is
experimentally verified using eight signals detected at eight different circumferential positions.
Images of artificial defects are obtained with one-hole and two-hole test pipes, and increasing the
frequency of incident waves increases the resolution of the images. Holes and pipe ends are
recognizable in the images, but the reconstructed images contain some errors in the area behind the
defects where guided waves do not propagate or do not reflect back to the receiving transducers.
© 2005 Acoustical Society of AmericaDOI: 10.1121/1.1862572

PACS numbers: 43.60.Lq, 43.60.Fg, 43.20.MHB] Pages: 2134-2140

I. INTRODUCTION Easy-to-use axisymmetric modes have therefore been
adopted for guided wave inspections. Axisymmetric modes

A nondestructive evaluatiofNDE) technique for pipe- h i i . ion in the di .
work has been developed using guided waves acting as yRave @ wide nondispersive region In € CISPErsion Curves,

trasonic modes propagating longitudinally in a pipe. GuideoPartiCUl"Jlrly an axisymmetric torsional mode0T]) having

wave NDE is expected to become a rapid long-range inspe(,c—f)nstant phase_ aqd group velpcities over all frequ_ency re-
tion techniqué? in which an inspection tool emits guided gions. As such, incident pulse signals of axisymmetric modes

waves from an accessible part of a pipe, then detects rdn@intain their waveforms and propagate long distances with
flected or transmitted guided waves from damaged areas GfNigh signal-to-noise ratio. Also, single axisymmetric modes
the pipe that are inaccessiblsuch as buried or coated re- ¢an t?e- detected egsﬂy using axisymmetric transducers with
gions. Because guided waves propagate as forward or backl0 Mixing of nonaxisymmetric modes. .
ward traveling waves, transducers lined up on the circumfer- ~However, because axisymmetric modes propagate no in-
ence of a pipe can fully detect reflected waves or transmittefPrmation concerning the circumferential directicsuch as
waves. Reflected and transmitted waves contain all of théircumferential |Ocati0n, maldistribution, or size of defQCtS
information about reflective walls and scattering objects. Ifand defect characterization cannot be accomplished in an
the detected signals are processed properly, most of this i@Xisymmetric mode, several studies on nonaxisymmetric
formation can be acquired. This characteristic of guidednodes of guided waves in a pipe have been recently pre-
waves is highly beneficial for NDE when considering thatsented. Ditr} investigated scattering waves from a circum-
not all energy due to refraction and scattering can be detectdérential crack using theS-parameter formalism and ad-
by NDE using bulk waves. dressed the possibility of crack sizing. Lovet al® and
Guided waves in a pipe, however, have multimodal andAlleyne et al.” analyzed mode converted guided waves from
dispersive characteristics similar to Lamb wa¥ésThese part-circumferential notches in a pipe both experimentally,
distinctive characteristics make it difficult to evaluate pipeusing the mode extraction technique, and theoretically, using
damage and defects with sufficient accuracy and reliabilitya finite element model. Li and Rdsexperimentally verified
using conventional pulse-echo and pitch—catch techniques the angular profile of guided waves that were estimated by
measure amplitude and velocity. For example, the phase antbrmal mode expansion theory, and determined the position
amplitude of signals received from a transducer will often bepf transducers for defect detection. Demetaal? investi-
completely different even at one wavelength away in thegated the reflected guided waves from a part-circumferential
longitudinal direction. This is because guided waves are @otch when a torsional axisymmetric mode is emitted, both
Superposition Of many mOdes haVing dif‘fel’ent WaVeIength%Xperimenta”y and through FE ana'ysis_
and wave structures. And, because these characteristics of |n this paper we describe a defect imaging technique, in
guided waves depend on diameter, thickness, and the matghich nonaxisymmetric modes, as well as an axisymmetric
rial properties of the pipe, the results obtained from one PiPénode, are considered and an image of defects is obtained

test cannot be directly applied to other types of pipes. after appropriate signal processing. Guided wave propaga-
tion at an arbitrary time and point on the surface of a pipe is
dCorresponding author; electronic mail: hayashi@nitech.ac.jp predicted by a combination of the mode extraction technique
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4000—— ; . — from 20 to 100 kHz, used widely in long-range pipe inspec-
_ S tions, modes greater than=2 can be neglected. The dis-
Egoo = - /__? placement on the surface of a pipe in EQ.can be rewritten
N "

T(32000T(1,3) /T5,1)/ . / 4oo
71 . . .
N e ) 5 Wo.z0= 3 anexplind-+ikz—iot), @)
21000 I / / ey e
S . N
/ wherea,1=a, andk,; =k, , in order to simplify the repre-
010 20 30 40 50 60 70 80 90 100 sentation. o _
Frequency [kHz] Signals received in a small sectiogdé at z=zg and

6=46 are given byu(0,zg,t)rod6. Multiplying a weight
“function exp(ingd) against the termu(8,zg,t)rodé, and
integrating this with respect t6, gives extracted waveforms

. . . . . of the ngth circumferential mode as
with the reconstruction of spatial waveforms. This technique

is based on the time-reversed method proposed by Ing and
Fink® in the sense that received waveforms are played back,
but mode extraction and the reconstruction process are re-
quired. =2mt gan, explikn_zr—iot). 4
Low-tla—'r; em;ntﬁgz bi);tirsgltll?jnestizgrgg\l/]:’ci;,gzlr(r:w?erlzn tti)ae}sc?rccjie?; . In practice, receiving sensors are not.|r!f|n|tes!mal as in-
is described first, and defect imaging is described in detaild!cated byrqde, and _th_e numk_)_er of receiving points Is.ﬂ'
This imaging te(;hnique is then experimentally verified forh!te. AssummgN receiving positions in the circumferential
: ; . direction at regular intervals as
one-hole and two-hole pipes at various frequencies.

FIG. 1. Group velocity dispersion curves of torsional modes for an alumi
num pipe with outer diameterl1l mm and thickness3.5 mm.

2w
Uni(zgr 1) = fo u(8,zg,t)exp(—ingd)rodo

_277
Il. THEORY O= (k=1 ®)

A. Circumferential mode extraction and assuming that a displacement is detected in the region
The normal mode expansion technique gives the disWith an aperture oblo=2m/N, then the received signats

placement on the surface of a pipe for a harmonic wave %k @ndz=2zg are given by

exp(—iwt) using the cylindrical coordinate system ¢,z) as Oyt 0ol2
uR(ak!Zth)z U(H,ZR,t)rodt9
et O~ 0g/2
uo,zt)= > D aymexplind+ik,z—iot), (1) .
n=—w m=1

. . =r fr(Op)exp(in O+ ik,zg—iwt),
wheren and a,, represent the circumferential order number On;_oc @nfn(Go) XN Gyt iknZr—iwt)

(family) and the amplitude of thetth mode in thenth family,

respectively®~'2 Wave numbersk,, consist of several ©)
propagating modes with real values and an infinite number ovhere
nonpropagating (evanescemt modes having complex P for n=0
values?? o '

Torsional modes T{,m) dominated mainly by a dis- fn(6)=1 2 sinn6o/2) for n=0 @)
placement in the circumferential direction are now consid- n ’ '

ered. For additional details about indiaeandm, the reader 114, multiplying by the weight function exping6) and
should refer to Ref. 13, and to the dispersion curves of Figsumming with respect té gives, similar to Eq(4), the ex-
1. Normally, guided wave NDE uses propagating modes with,,teq waveforms

real wave numberg&,,,. For axisymmetric torsional modes

T(0,m), the minimum frequencies above which timeth ex N
propagating modes occuthe cutoff frequenciesare given UnE‘<ZR't>=rok§1 nzz_w anfn(6o)
for general-purpose pipes when the pipe wall thickness is . . .
small compared to the radius as Xexp{i(n—ng) O +ik,zg—iwt}
_Cr, ~Toan_fn_(Oo)explik,_zr—iwt). (8)

It should be noted here that E@) holds under the condition
wherec; and d are the transverse wave velocity and theof |ng|<N/2—1, because modes lower thap are super-
thickness of the pipe, respectively. General-purpose pipegosed in Eq(8) for |ng|=N/2. In dispersion curves for tor-
such as schedule pipes, are at most approximately 15 msional modes, those modes higher then8 do not propa-
thick with a transverse wave velocity of approximately 3200gate in the frequency regions used in this st(@y—70 kH2.

m/s. The cutoff frequency fam=2 is therefore greater than Also, for the highly dispersive modes of=4-7, the de-
106 kHz in Eq.(2). When we consider the frequency range tected signals become very broad, and only a very small part
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O=2R/N x2 z
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Vi (=TI PC with
/ T(0,1) incidence defect Labview

- 6=0 ®
: Reflected waves
. PCI
reeevers :J:R :i:S sores A/D board Function generator
(National Instruments PCI-6115) (NF WF1944A)
FIG. 2. Schematic setup for defect imaging. I I I Time delay
Prjozn;plliler Power amplifier
of the energy of these modes can be recorded. Therefore | Hih ::ssmter i ﬁggi;gm
. . . . .. r4
eight different circumferential positions are used to detect the Magnelosiriciive
guided waves in later experiments. This correspondsl to \ Sensors /
=8, and the main propagating modes fram& —3 to +3 Receiving - for e
can be extracted. EMATS (0.1) excftai Defect(s)
s \
315 «—MS sensor 2
o . ) T Wq“"i‘@"wmr‘n" 11 P Lol b
B. Waveform prediction of dispersive modes and 33 -
reconstruction of defect images MS sensor 1 | 1.0m o 05m .
T
If the diameter, thickness, and material properties of a ” 12m s

pipe are given, then the wave numbéﬁg and phase veloci- i
ties Cn, of the extracted modes can be theoretically obtained. >

Once the wave numbersknE are given, multiplying
exp{iknE(z—zR)} against the extracted waveforra§*(zx,t)

obtained from received signals at=zy yields predicted
waveforms of thength mode atz=z as

FIG. 3. Experimental setup.

=zg. From theN received signals, spatial waveforms at an
arbitrary time can be predicted like snapshots at all of the

Uﬁ?(ZR,t)eXp{iknE(Z—ZR)} time steps. Since the reflected waveforms are very large at
_ _ ox the moment of reflection from a reflective object, the snap-
~Toan fn (o) expiky z—iwt) =ugi(z,t). (9  shot at this moment shows an image of the reflective object.

Equation(9) is for a harmonic wave of frequenay. In ac-

tual experiments, extracted waveforms in the frequency doHl. EXPERIMENT

main are obtameq by FFT first, and then a series of data Experimental setup

multiplied by exg{lknE(z—zR)} are transformed back to the _ o _

time domain by inverse FFT. This process was presented as a Figure 3 shows a schematic figure of the experimental

dispersion reduction technique for dispersive Lamb waves byStUP used in this study. A magnetostrictive serist sen-
Wilcox et al4 son consisting of a nickel plate adhered to the pipe surface

From Eq.(6), waveforms received with uniform weight and a coil wound on the nickel plate, is used for generating a

15 . . . .
in the region having an aperture 6§ at an arbitrary point 1(0-) mode:” The nickel plates are magnetized in the cir-
(6,2) on the surface of a pipe are given by cumferential direction and serve as bias magnetic fields. Al-

Y ternating voltage as four-cycle sinusoidal waves of 30, 50,
R _ , . . and 70 kHz are applied to the coil, generating vibration in
u (0,z,t)—r0n;w anfn(fo)explin0+ik,z—iwt). the circumferential direction by magnetostriction. Two mag-
(10) netostrictive sensors are used to double tf& Ty mode sig-
nals by applying a time delay to one forward-located sensor
(MS sensor2 in Fig. B A function generato(NF corpora-
tion, WF1944A and a power amplifieNF corporation,
n=+= HSA405) are used to apply rf signals to the coils.
uRo.zt)= X uP(zhexping). 11 An electromagnetic acoustic transducéEMAT) is
m adopted for noncontact measurements. The experiments of
This equation shows that multiplying expg) against this study require accurate waveform measurements at many
us*(z,t) obtained in Eq(9) gives waveforms detected by a different circumferential positions; therefore, noncontact
receiving transducer with apertuglg at an arbitrary point. measurement with EMATs is more suitable than contact
The fact that reflected waves from defects are detected abethods strongly affected by contact pressure and the thick-
N different circumferential positioné-ig. 2) is now consid- ness of the coupling material. The EMAT used in the experi-
ered. ATO0,1) mode is emitted at=zg toward the defects in ment consists of two permanent magngfdEOMAX,
the — z direction. The T0,1) incident wave is reflected back NEOMAX Co. Ltd., 15 mm<6 mmx10 mm and sheet coils
from the defects in the- z direction, and the reflected wave- fabricated by a printed circuit technique. The EMAT is flex-
forms are detected bl receiving transducers located at ible so that it fits the curvature of the pipe. The sheet coil and

Using the predicted extracted waveform¥(z,t) obtained
by Eq.(9), Eq. (10) can be rewritten as
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Echo from a defect Back wall echo  Ecno from a defect Back wall echo 180 ¥ wlo0
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b i 8 45
3 g 2 -0.0
= = = 04 ’
o L
E 2 45
2 E 5
T ) o I
e I -135-
0 SQO 1000 0 SQO 1000 -180 "
"iroe [s] e ] 06 08 TTTRTIATT6 s
Distance from the receivers [m]
(a) RF signals (b) Amplified representation of (a) (@) t=195ps
. . . . . 180 -
FIG. 4. Waveforms detected at eight different circumferential positi@s. T E 3
rf signals;(b) amplified representation d@f). 135+
90 i
¥ {

permanent magnets of the EMAT are arranged to receive
shear horizontal waves by Lorentz forces. This transducer,
then, receives vibration mainly in the circumferential

45- f ' | i'

Angle [degree]
=Y
R
-
il

direction® In order to receive displacement in the region of _:(5)_ :

1/8 of the circumference, the EMAT is designed to be 44 mm !

in width. Signals received at the EMAT are magnified 40 dB =155 _ 1}_

by a preamplifier and are recorded after 10 signal averagings. A e 1 T .
The test objects for this study are aluminum pipes of 4 m Distuice fron Gieressivess [mj '

in length, 111 mm in diameter, and 3.5 mm in thickness with @ e85y

a longitudinal wave velocity, =6260 m/s and a transverse 180 __

wave velocitycy=3080 m/s. The defects are located 0.5 m . LAR 3%

from the pipe end and one meter from MS seng@tig). 3.
Backward waves may propagate in a direction opposite to
the defects, but in this study the test pipes are large enough
to separate the necessary signals from the unwanted signals

Angle [degree]
=)

that come from the other side of the pipe. -45+
The receiving EMAT is positioned 1.2 m from the de- -90-
fects and measures signals at eight different circumferential -135-
positions. The artificial defects are through-holes of 10 mm g0l SR 4 . R -

in diameter and are located at 0° for the one-hole test pipe 06 08 1 12 14 16 18
and at 0° and 90° for the two-hole test pipe, in the circum- Distance from the receivers [m]
ferential direction, as shown in Fig. 3. © 1=455ps

Figures 4a) and 4b) are the waveforms detected at

. . . . i, ° ° o ° FIG. 5. Snapshots of predicted waveforms at various momeajst
eight different circumferential position®°, 45°, 90°, 135°, —195s, (b) t=325s, (C) t=455s.

180°, 225°, 270°, and 31bfor a one-hole test pipe and 50

kHz incidence. Large signals around 10a8 are backwall defect, the predicted wavefora) does not give a defect

ech_oes_ from the pipe end 1.5 ano_l .1'7 m in distance_fro%age_ In(b), the moment when the incident(d;1) mode
excitation MS sensorl and the receiving EMAT, respectlvely.arriveS at the defect, a distinct spot with high intensity is

dSn;aIItsilg:].nals betwet:a n SO?hand 10"?9 are e;:rllzqes fror;: the present at approximately 1.2 m from the receivers and 0°,
efect. Figure ) shows the waveforms of Fig(® after which agrees well with the position of the artificial defect.

amplification to discern the waveforms of the defect eChoeSAfter (b), the waveforms spread out from the defect, as can
The backwall echoes and incident waves arotin@ us are | seen'ir(c) '

unnecessary for defect imaging, so all signals from 330 to
980 us are extracted, and other amplitudes are assumed to lae Effect of frequency on the predicted waveforms

zero.
Next, snapshots of the predicted waveforms in the one-

B. Prediction of waveforms reflected at a pipe defect Qi()r:Lejs?)IiI(Djzlailﬁci;ezr?clé so?rgoszr(])(\;vr;cl)nkﬁlg. IS(@;O;; Ionqu ct:zgle
Figure 5 shows spatial waveforms at three differenthigh-intensity spot becomes broad in both the longitudinal

times predicted by the above process using the detectemhd circumferential directions, indicating lower resolution.

waveforms of Fig. 4. All images show absolute values ofOn the other hand, a better result with higher resolution is

spatial waveforms normalized by the maximum amplitude ofobtained in both directions fdib) 70 kHz.

spatial waveforms at all time steps. Sinegt=195us is a Since resolution in the longitudinal direction is deter-

time when the incident(D,1) mode has not yet arrived at the mined by a wave disturbance zone, then in the case of four-
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Angle [degree]
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135 135-
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Angle [degree]
=

‘ -45-
-90 -901 .
-135- * ‘ ‘ -135- | \’
0.6 0.8 1 1.2 1.4 1.6 1.8 0.6 0.8. 1 1.2 l..4 1.6 1.8
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(a) 30kHz,1=325ps (a) 30kHz
180
180 1354
1354 904
90- 'g'
T B+ ;
aj 45' = 0_ g
£ I} &
) 0 g -45
%0 45 -90-
=t -1354
-135- REpEEEE SRS PR SN 0 fC
Bri i Fesary:  TEEILT 06 08 1 12 14 16 18
06 08 1 12 14 16 18 Distance from the receivers [m]
Distance from the receivers [m] -
(b) 70kHz, £ =325 ps ) 180

FIG. 6. Predicted waveforms for various frequencie$=aB25us. (a) 30

kHz, t=325us; (b) 70 kHz,t=325us. 90-
ey
% 45-
cycle incidence, four times the wavelength is taken as the % 04
high-intensity zone. Circumferential resolution is determined 5“ -45-
by the order of detectable circumferential modes. In the fre- 904
quency region of approximately 30 kHz, modes of orders e
higher than T3,1) cannot be detected due to the cutoff fre-
quency, and the (2,1) and T(3,1) modes have large disper- B e R i i
sion. It is expected, therefore, that signals within the given Distance from the receivers [m] '

gate =330 to 980us) do not contain all of the energy of
the T(2,1) and T(3,1) modes, causing low resolution in the
circumferential direction. In contrast, in the high—frequencyFIG 2 Predicted . 325 5 1§ wo-hole test b g

. . . . L. reaictea waverorms S Tor a two-nole tes 1pe an
region of approximately 70 kHz, since higher-order modes, . frequencies) 30 kHz, (b) 50 k,ﬁzy(c) 70 KHz. PP
such as 12,1) and T3,1) have low-dispersion characteris-
tics, most of the energy of the higher-order modes can be . -

. T S . .~ 7zones become closer to the circle 10 mm in diameter at
obtained, resulting in higher resolution in the circumferential, . . : .

higher frequencies. However, since the predicted waveform,

(c) 70 kHz

direction. k
Figure 7 shows snapshots at the moment when the incf':ls shown in Eq(lO)_, genotes the waveform afz,t) mea
: sured by the receiving transducer with an aperturefgf
dent T0,1) mode arrives at the defect$=325us) for a — C Y ; . L T
=2ax/N, the resolution in the circumferential direction is

two-hole test pipe with through-holes at 0° and 90° in the . e .
) : theoretically limited to the aperture of receiving transducers
three different frequency regions. In the 30 and 50 kHz de—a —2m/N

fect images, single broad dark regions can be seen, the cen?
ters of which are located at about 45°. In the 70 kHz defect
image, however, two distinct dark spots can be seen at 0° a

90°, at 1.2 m.
The dark zones even at 70 kHz for both one-hole and In Figs. 5—7, which show the waveforms predicted from

two-hole test pipes are shown to be larger than the artificiathe received signals, the defect images are obtained as snap-
holes of 10 mm in diameter. We can expect that the darlshots at the moment that the inciderf®l) mode arrives at

. Defect imaging considering the arrival region
of the incident wave
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180 tained. However, it is possible to superpose unwanted modes

135- and to change a defect image due to the characteristic of the
i receivers. In this study, we assume that the EMATS detect
o only horizontal shear vibration by Lorentz force, but the
5 - EMATs can also detect unexpected longitudinal or out-of-
= 0 plane vibrations. In contrast, if we can separately detect vi-
,—%“ -45- brations in all directions and extract flexural modes as well
" -90- as torsional modes, better defect images can be obtained.
-135- Random noise, largely detected as shown in Fig. 4, may
280l i " also distort defect images. However, random noise interfer-
06 08 1 12 14 16 18 ing with received signals is reduced in the summation with
Distance from the receivers [m] respect tk in Eq. (8). Therefore, the dark defect zone in Fig.

5(b) appears large compared with other noisy regions. This
indicates the robustness of the defect imaging technique

) ) ) against random noise interfering with each waveform.
a defect region. However, when reflection objects are located ™ |, this technique, however, the sensitivity of the trans-

at different longitudinal locations, information on the reflec- 4,cers at all receiving points should coincide because all
tion objects in the longitudinal direction cannot be obtainedsign(,j“S are added and subtracted in the imaging process.
in one snapshot. In this section we describe defect imaging i&jnce we use one EMAT for receiving at eight positions in
which such reflection objects are shown in one image. Sumyis study, this error must be small, but when using the con-
ming up the images of predicted waveforms at all time stepgact technique, in which it is difficult to control contact pres-
only in the arrival region of incident wave(@,1) provides an  gre and the thickness of the coupling medium, sensitivity
image of reflection objects, such as defects, pipe ends, weldyismatching could result in large distortion in defect images.
lines, and branches. Acquiring an image of the two holes ang, orqer to investigate the influence of differences in sensor
pipe end using the received signals that produced the snaggnsitivity, Fig. 9 shows the defect images when specific sig-
shot image of Fig. (€) is now considered. The image in Fig. na|s cannot be properly obtained, for a two-hole test pipe and
7(c) was obtained by gating the received signals between 330q kHz incidence. Signals were gated from 330 to 80n
and 980us in order to avoid backwall echoes. In the follow- ,qer to obtain only images of defects and to avoid pipe
ing process, however, the signals are gated between 330 agdqs. The defect image in Fig@ was constructed by using
1200 ps in order to include reflection waves from the pipe 5| of the signals, the same signals that were used to obtain
end. _ _ _ o Figs. 7c) and 8. Figures @) and 9c) were obtained by
Now, consider the arrival region of an incidenOTl)  yeplacing the first signals received @&t0° and the first two
mode at a certain time, which is fromz=cst—I\ 0z gignals aw=0°, 45° with zero-valued samples, respectively,
=Cqt, wherel and\ are the number of cycles and the wave- showing the typical case when a portion of the signals cannot
length of the incident burst waves, respectively. If reflectivepa getected due to transducer trouble in practical testing. In
walls, such as defects, exist in this region, then the predicteﬁig_ ad), only the first signals ap=0° are phase-reversed
waveforms of the reflected waves become large. In contrashn the other signals are the same, indicating an insufficient
if there are no reflective objects present, then the predictefynact condition for the contact-type transducers, or a dif-
waveforms becqme zero. Thus, summing up the absolutg Valarence in sensor sensitivity. Comparing Fig&) 99(b), and
ues of the predicted waveforms in the regions for all tlmeg(c), as the number of zero signals increases, a more un-
steps gives an image of the reflective objects. This is Showyanted dark zone can be seen in the images. In Fi), &
in Fig. 8, in which a reflective object with high intensity is very large distortion of the defect images can be seen, al-
present at approximately 1.7 m from the receivers, and tWenoygh only one waveform was reversed. These results re-
round reflective objects with low intensity are present at 1.2,a4] that differences in transducer sensitivity, as well as a

m, 6=0° and #=90°. The two dark regions at 1.2 m agree |5ck of signals, may cause large image distortion.
well with the two artificial holes. The dark region at 1.7 m

should indicate the pipe ends, but is not symmetric with re-
spect to the pipe axis and has a nonreflecting region behind/,. CONCLUSIONS
the two holes. It is considered that this region cannot be

reconstructed as an image due to scattering at the holes and Defect imaging with guided waves was described. A de-
multiple reflections between the holes and the pipe end€Ctimage in a pipe was obtained as a spatial waveform by

However, it is confirmed that this imaging technique has gerocessing signals detected at many different circumferential

potential for providing images of reflective objects having positions. After a detailed theoretical description, the defect
longitudinal distributions. imaging technique was experimentally verified using eight

signals detected at eight different circumferential points.
In defect imaging tests for 30, 50, and 70 kHz four-cycle
sinusoidal waves, higher resolutions in both the longitudinal
The imaging technique using guided waves presentednd circumferential directions were obtained at higher fre-
herein is applicable when guided wave modes can be peguencies. Reconstructed images for two-hole and one-hole
fectly separated and dispersion curves are theoretically olpipes agreed well with the test pipes. Moreover, a pipe end

FIG. 8. Imaging of defects and a pipe end.

E. Possible errors by measurement conditions
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