Underwater Pipeline Inspection
Using Guided Waves

Won-Bae Na Underwater pipeline inspections are conducted using ultrasonic cylindrical guided waves
Tribikram Kundu in the laboratory environment. Three different types of mechanical defects—gouge, re-
Fellow ASME moved metal, and dent—are fabricated in small-diameter, 22.22-mm, aluminum pipes and

tested. To efficiently propagate the antisymmetric (flexural) cylindrical guided waves
through the aluminum pipe in water, a new transducer holder device is designed. The
device uses commercially available ultrasonic transducers that generate compressional
ultrasonic waves in the water. The device can change the striking angle of the incident
beam from 0 to 51 deg. With the help of this device, the incident angle adjustment and
frequency sweeping can be carried out. This is necessary for obtaining the time history of
the received signals for various incident angles and signal frequencies; then these time
histories are converted to V(f) curves, or received signal amplitude versus frequency
curves. From the amplitude of these V(f) curves, the type and extent of the mechanical
defects can be estimated. This investigation shows that the new coupler device can be
effectively used for health monitoring of underwater pipelines using guided
waves.[DOI: 10.1115/1.1466456
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Introduction cracks, and corrosion. Serious defects are sometimes found during

It is imperative to regularly check the integrity of pipeline a;]nenggédﬂsgfegfsnes dogfggf:‘;gev;é EZI;;?rsxf?i?lnEd by NDT, and
since any collapse and malfunction of pipelines may cost hum Mhe most important NDT is ¥/[visual ins gctioﬁ which ma
life. There have been several efforts to efficiently inspect the i o performed S divers and RO\(@oIdberp[l]) Althouah thg
tegrity of pipelines nondestructively. When inspecting pipeline i P ) Y bility of WoldbergiLl). dg 7i
seawater, there are more challenges due to the marine envir%Hr-?]an eyes capability o rlecpgn|2|(rj]g, Interpreting, an gg.a. yzing
ment coming from physical, chemical, and biological marine faéc'artln?)trggs;p;gqli%?jrt%?tef:rﬁir;tinréeientzrrfglpggfeerc];ct:se. I\I(Tﬁggnletltic::nl it
itr?;%’e\g?éﬁh should be carefully considered in offshore plpelln[‘?article inspectiop apart from the visual examination, has been
For underwater pipeline inspection, visual inspection is ver%gtm) %Stf(;l\lflddeelilegtsir?g ?ui;ggg l:)?ggliir\:vgatgrré(lztklss %(Ytﬁryuﬁggftgﬁ d
old-fashioned, but still a very useful method. Other methods, su%’b| ove watelBayliss et al[2]). In addition, the examination has

as magnefic, ultrasonic, pressure testing, and in-line service “be performed by divers and areas to be examined have to be
spection, are also used for underwater pipe inspection. The%

- A S - - . tleanedNordbg[3]). MFL (magnetic flux leakageechnique has
methods are briefly discussed in this paper; then ultrasonic gumgel ilar properties as MPI and it has been used for in-line service

wave techniques employing ultrasonic guided waves are intr0-

. T . Ihspection(Upda et al.[4], Mandal et al.[5]). However, MFL
duced as a potential method for underwater pipeline inspection, . . )
Three different types of mechanical defects of aluminum pip %chnlque cannot detect gradual change in the wall thickness, and

are fabricated and inspected using guided waves. Previously F%qannot be used on pipes made of nonferrous materialgul!

. onic inspectionis another method used for detection of sub-
veloped sensors and a new transducer holder are introduced %r?face defects. It is suitable for thickness measurements, weld

\L,’Vr;%eeftﬁﬂgﬁghtﬁzsem'\t,f}{;ﬁ ?hnedséegg::/slggsm:;g:ﬁ:ﬁ;nnstsoggeuI%%?minations, and detection of inclusion and internal corrosion
ducted andv(f) curves, or received signal amplitude versus fre=-" The main purpose of Ul has so far been detection and map-

: L ping of internal corrosion in risers and pipelines. This Ul has also
?yup(aen%;l:rr]\éezég:;Og}aéré?gétg?gsg&vé%gf W) curves to the been performed by divers. Other techniques are also available for
In summary, the feasibility of cylindrical guided waves for del!Nde"ater pipeline inspection such as acoustic emission, radiog-
tecting the mechanical defects of aluminum pipes in water is iﬁqphy, and eddy currefig]. These methods are at different stages

vestigated in this paper. of their development,
9 paper. In addition to Ul, the possible NDT methods for detecting the

internal corrosion of underwater pipelines may be pressure testing

and the use of in-line service inspection devices. Pressure testing

is commonly used to verify the integrity of pipelines after instal-
Background lation or repairs regardless of the system’s age. The pipeline is
filled with water and pressurized, generally to 125 percent of op-
erating pressure, to reveal leaks and flal@@@mmittee on the

the principal means of underwater pipeline inspection. The 'nSpe§0éfety of Marine Pipelinef6]). As a routine inspection method,

tion process includes initial visual inspection, then more detail : . A -
visual and specialized inspections, and finally, critical inspectio Sressure testing has serious limitations as followsit Hetects

- ; . . . only flaws that are near critical size, and thus gives an operator
employing an appropriate ND{hondestructive testingechnique. Iittlg or no warning of impending failure; andg) At requirgs

;—trrltejctrt?:gl Oifm’:Dr-il; 'SO']EO cijlse(;i?]\;esr gﬁiim;sthgteglg]iggle%t:gath%utting-in an entire field, and sometimes several fields. Thus,
grity PP fessure testing is useful for certain purposes but not a broadly
applicable means of assurance. The use of in-line service inspec-
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JOURNAL OF PRESSUREVESSEL TECHNOLOGY. Manuscript received by the PVP '}?on (IL1) devices(more commonly referred to as smart pigs
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Divers and ROVgremote operated vehicleBave been used as
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variety of ILI devices are used to provide information to pipeline spherical surface
operators, such as the types and locations of pipe defects, the re

and locations of bends, and even photographic images. Most Q;:&(/conical surface RH
them carry instruments to measure mostly magnetic flux leakag (@) I | ” |
(sometimes ultrasonic signawhich indicate metal loss. ILI de- EOES

vices carry their won batteries, tape recorders, and odomete cylindrical surface

Most ILI devices in the United States has taken place in onsho
pipeline systems, but the conditions of offshore pipelines are mo
challenging for using it. Thus, the widespread use of the device

will require substantial advances in technology. In addition, som -

reports mentioned that smart pig data were often hard to interpr T -+ water — R
and in some cases erronedid. Furthermore, to use the smart %- AN _

pigs, pipelines have to allow free passage and must have [ (b) '\,\ ':‘ »guided wave
launch and retrieval facilities, which are not always available pare ———— bulk wave

(Guo and Kundy8])).
Most ultrasonic devices on smart pigs installed for thicknessy. 1 Two types of transducer holders used in this

measurements use bulk waves. They use reflection, transmissiearch— (a) annular plexiglas holder, and  (b) annular holder

and scattering of bulk waves by internal defects. However, sueglithout plexiglas

use of bulk waves for pipe wall thickness measurement is not very

economic because of the inspection time. Thus, many investiga-

tors have developed guided wave techniques since these teglas is removed from the design of Figal and water is used as

nigues have several advantages over the conventional ultrasanicouplant instead of plexiglas and Vaseline. This type of water

methods: ] guided waves can propagate a long distance; and @upling should be most effective for underwater pipe inspection.

there are several wave modes that can have different degreedloé maximum range of transmitter angle is 51 deg for this case

sensitivity to different types of defects. Currently, Guo and Kundalso.

[8,9] experimentally showed that cylindrical guided waves are

sensitive to pipe defects. They developed new sensors, in tBgperimental Setup

shape of a conical coupling fluid container and annular-shapedFive different aluminum pipes containing three different types

couplers, and used inclination angle and frequency sweep teh-efects were inspected. The outer and inner diameters of the
nique for their experiments. Many other investigators have tried H?

. - T es are 22.22 mm and 19.05 mm, respectively, and the pipes are
inspect for corrosion, cracks, and other types of defects in p'pégo mm long. The defects are removed metal, dent, and gouge, as
by cylindrical Lamb waves$Rose et al[10], Alleyne and Cawley

shown in Fig. 2. Most mechanical damage discontinuities are
[11], Chan and Cawley12], Cheng and Chenfl3]). In these .,mpinations of these primary types of anomali@avis and

inspections, time histories r_ecorded by th(_e receiver have be§Udenik[15]). Definition of these anomalies are given[# as
carefully analyzed for detecting any small signal reflected by thgjows: 1) dent is a localized depression or deformation in the

discontinuity. Although this has been L_Jseful for detecti_ng SOM&ne’s cylindrical geometry resulting from an applied force; 2
defects, sometimes such small defect signals may remain unde ige is a forceful movement of metal in a local area on the

ted. Guo and Kund(8,9] usedV(f) curves to detect pipe defects.qyface of a pipe resulting in wall thinning and cold working of
However, these applications have been limited to inspection @fg pipe wall; and Bremoved metal is the removal of metal from
pipelines open to air, not buried underground or immersed in Wgyse pipe surface by an applied force.
ter. So far, it seems difficult to find a literature reporting the ap- Figure 2 shows the defect free pipe and four pipes containing
plication of guided waves to underwater pipeline inspection ajouge, dent, and removed metal-type defects. Two different di-
though some investigators have studied similar problems suchiggnsions of removed metal-type defects were used and denoted
cylindrical guided wave leakage due to liquid load{d@]. Wang py the term removed metdles§ and removed metaimore in
[14] reported the applications of guided wave techniques in thi§g 2 The detail description of fabricating process is givef8in
petrochemical industry: inspection of pipes, heater tubes, vesselsa |aboratory made ultrasonic unit was used for generating the
risers, and heat exchanger tubing. signals. Broadband parametric transducers were excited using a
In this paper, a special transducer holder used for transmittiggaTEC 310 gated amplifier by tone burst signals from a
guided waves is introduced and some mechanical defects in ygavETEK 395 function generator. Here, the central frequency of
derwater pipe are detected from the change in\{€) curve. the transducers is 500 kHz. The signal after being propagated
Ideally, the inclination angle and sweeping frequency should igrough the pipe wall was received by a receiver and was ampli-
controlled to launch the cylindrical guided moder cylindrical  fied by a MATEC 605 gated amplifier. This signal was digitized
Lamb modg that is most sensitive to the pipe damage and leasy the gage 40 MHz data acquisition board, and then the digitized
prone to attenuation. We have designed and fabricated a neseived signal was displayed on a computer monitor as a function
transducer holder for efficiently generating cylindrical guidedf time (time history curves A time window (or gaté was placed
waves in underwater pipes. This new design is described in thiscapture the initial part of the time history curves to compute the
paper and some experimental results generated by the new devigerage amplitude of the signal within the given time window.
are also reported. The signal frequency was varied from a minimum to a maximum
Figure 1 shows two coupler mechanisms used for the pipe Walue. The variation of the average signal amplitude against fre-
spection. For the design in Fig(d), plexiglas is used as a cou-quency is called th¥(f) curve, i.e., the received signal amplitude
plant. The plexiglas has annular shape with cylindrical and conicarsus the frequency curve. To get smowftf) curves, the fol-
inner walls and spherical outer wall. The pipe fits inside the cyewing parameters were adjusted by the computer system: posi-
lindrical inner hole of the annular shape. The transducers can tien and width of the time window, starting frequency, frequency
mounted on the spherical outer surface, and hence, one or meiep size, and final frequency. Figure 3 shows the experimental
transducers can be placed on the spherical surface. Striking arggéup. Here, the transmitter is held by the newly designed ellip-
can be changed simply by sliding the transducers on the spherisaidal shaped transmitter holder that is shown in Fid). TThe
outer surfacg9]. The maximum range of transmitter angle is 5¥eceiver was located on the aluminum pipe and wooden supports
deg for this arrangement. For underwater inspection, the new cavere used to support the pipe. The distance between the transmit-
pler as shown in Fig. (b) is introduced. In this design the plexi-ter and receiver was 500 mm.
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I the transmitter-receiver arrangement of Figh)was used. In Fig.
(a | ! 122'22 MM 4@ and 4b), the strongest signals are obtained for transducer
—810mm —————————* incident angles of 20 and 51 deg, respectively.

For the experimental setup of Fig(al, 20 deg incident angle
was selected since it gives the strongest signals and for the experi-
mental setup of Fig. (b), 51 deg striking angle was selected for

« 0.56 mm the same reason. Since only one transmitter is used to generate
o) | = i} 19.05 mm guided waves, nonaxisymmetric cylindrical guided waves are gen-
] ’ erated during experiments. If we use a larger numifeur or
— 4.7 mm more of transducers uniformly placed around the pipe and then
excite them in the same phase, we generate strong axisymmetric
modes and weak nonaxisymmetric modiek
Figure 5 shows the average valueswff) curves for five dif-
ferent pipe specimens that have) no defect,(b) gouge,(c) re-

¢« 0.56 mm

J =S ] move metal lesqgd) remove metal more, an@) dent as shown in
() | . Fig. 2. For these curves, the transmitter-receiver arrangement is
— 4.7 mm shown in Fig. 1a) and the transmitter angle is 20 deg. From the

figure, it is not very clear that the guided wave technique can
detect and distinguish different types and degree of mechanical
defects, although there are some trends at peak positions.
Figure 6 shows the average valuesv§f) curves for the same
five pipe specimens studied in Fig. 5. However this time, the
] transmitter-receiver arrangement as shown in Fifp) is used.

¢ 0.62 mm
—

—
(@) ,[ — | The transmitter angle is 51 deg. From the figure, it is clear that the
— - 4.4 mm
1400
— 0 degree
¢ 0.76 mm 1200 -+ 10 degree A
@) {[ — i - 20 degree ‘}/X
: ! o 1000 4 30 degree
— 4.6 mm -g 800 —_._40 degree % l(
Fig. 2 Aluminum pipe specimen— (a) defect free; (b) gouge; %_ ~ 51 degree
(c) removed metal (less); (d) removed metal (more); and (e) g 600
dent. All pipes have same length, outer radius, and inner ra- <C
dius. 400 -
200
e
Amplifier | |VWave Generator Amplifier 0 ' — ' ’
MATEC | WAVETEK | vir M MATEC 300 800 1300 1800 2300
Model 310 Model 395 Model 605 Frequency (kHz)
PC
(a)
water g :
transmitter receiver 2000 0 degree
— - —- 10 degree
pip 1500 |~ 20 degree A
transducer holder ° =30 degree
'g =40 degree
supporter 3 100 =51 degree -
< ]
Fig. 3 Schematic of experimental setup 500 Ay,
. 0 s
Experimental Results 300 800 1300 1800 2300
All experiments were carried out seven times to investigate tl Frequency (kHz)

consistency of the experimental results and then these values

averaged. Each test was conducted at different circumferential

cations. Figure 4 gives the(f) curves of the pipe with dent for (b)

different incident angles, varying from 0 to 51 deg. The angle 1s

measured relative to a plane normal to the pipe axis. Figlae 4 Fig. 4  v(f) curves of the aluminum pipe with dent for different
shows theV(f) curves when the transmitter-receiver arrangemefticident angles using transmitter-receiver arrangement, as
of Fig. 1(a) was used and Fig.(8) shows theV(f) curves when shown in (a) Fig. 1(a), and (b) Fig. 1(b)
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Fig. 5 The average values of V(f) curves of aluminum pipes
for 20 deg transmitter angle for five different defects using
transmitter receiver arrangement, as shown in Fig. 1 (a)
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Fig. 6 The average values of V(f) curves of aluminum pipes
for 51 deg transmitter angle for five different defects using
transmitter receiver arrangement, as shown in Fig. 1 (b)

1200

——no defect
-e-gouge A
-=-reless

- remore
-e- dent

1000

800

600

Amplitude

1300 1800
Frequency (kHz)

2300

Fig. 7 The average values of V (f) curves of aluminum pipes for
51 deg transmitter angle for five different defects using trans-
mitter receiver arrangement, as shown in Fig. 1 (a)

Journal of Pressure Vessel Technology

guided wave technique can clearly distinguish between different
types of mechanical defects. Defect discrimination in Fig. 6 is
much more than that in Fig. 5.

Figure 7 shows the average valuesv§f) curves for the same
five pipe specimens. The transmitter-receiver arrangement for this
case is shown in Fig.(&) and the transmitter angle is 51 deg. In
this case als&/(f) curves show sensitivity to defect types. How-
ever, for this case, the difference betweg(f) curves for gouge
and remove metal more is not very clear at the second peak posi-
tion and theV(f) curves corresponding to these two defects at the
first peak position is different from that of Fig. 5.

From these experimental results it is concluded that 51 deg
transmitter angle gives good results for both transmitter-receiver
arrangements as shown in Figgajland 1b). Between these two
the arrangement in Fig.(l) appears to be the better arrangement.
It should be noted here that the two peaks at 1.26 and 2.02 MHz
in the V(f) curves correspond to two cylindrical guided wave
modes.

Analytical Study

To identify the wave modes corresponding to the two peaks in
the V(f) curves, the phase velocity dispersion curves are ob-
tained. Cylindrical guided waves are dispersive and the dispersive
pattern is complex. For drawing the dispersion curves, the mate-
rial properties of the specimen structure must be known. In this
case, the specimen is an aluminum pipe surrounded by water or
vacuum. When the surrounding medium is vacuum, the pipe walls
are traction-free and the computation of dispersion curves is not
very difficult. However, the computation becomes more complex
when the surrounding medium is water. In addition, many wave
modes appear close to one another for aluminum pipes surrounded
by water; then it is not easy to identify which modes correspond to
the peaks in th&/(f) curves.

The material properties of aluminum pipes are as follows: 1
density=2.7 g/cni, 2) longitudinal wave speed6.32 km/s, and
3) shear wave speedB.13 km/s. These values are obtained from
material handbook and the attenuations of aluminum pipes are
ignored. To plot the peaks of thé(f) curves on the dispersion
curves, Snell's law is used as follows:

Ve
Veh=Sing @

where,V, is the phase velocity of the cylindrical guided wave in
the pipe,V, is the longitudinal wave speed in the coupling me-
dium between the transducer and the pifer plexiglas V.
=2.77 km/s; for wateV .= 1.48 km/g, and @ is transmitter angle.
From Snell's law we can calculate the phase velocity of cylindri-
cal guided waves. For plexiglas coupling, the calculated phase
velocities are 3.56 and 8.10 km/s for 51 and 20 deg transmitter
angles, respectively. For water coupling, the calculated phase ve-
locity is 1.90 km/s for 51 deg transmitter angle. As discussed in
the previous section, the frequencies corresponding to the two
peaks are 1.26 and 2.02 MHz, respectively.

Only 1st, 2nd, and 3rd flexural wave modes of the pipe in
vacuum are shown in Fig. 8 since only one transmitter is used on
one side of the pipe during the experiments. Hence, strong non-
axisymmetric(flexural) modes in the pipe wall will be generated
for this transmitter arrangement. The 4th and higher-order modes
are not plotted since those modes are not very strong for our
transmitter-receiver arrangement. For comparison purposes longi-
tudinal wave modes are also plotted in Fig. 8.

In Fig. 8, the solid squares show the experimental points
(frequency=1.26 MHz, phase velocity3.56 km/s and frequency
=2.02 MHz, phase velocity3.56 km/g, when 51 deg transmitter
angle is used and the solid circles show the experimental points
(frequency=1.26 MHz, phase velocity8.10 km/s and frequency
=2.02 MHz, phase velocity8.10 km/g, when 20 deg angle is
used. Note that the phase velocities 3.56 km/sec and 8.10 km/s are
obtained from Eq(1) by substitutingf=51 and 20 deg, respec-
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: 3 certainties one can say that the positions of solid squares are near
EI \\ the asymptote of flexural wave modes. Hence, for modes to be
| sensitive to the defect type those must be close to the asymptotes
W of flexural modes.

: e Summary and Conclusion

Y 0 R ——
-aa )\ PO, FRI N ) To investigate the feasibility of flexural cylindrical guided
33 \ i waves for inspecting the mechanical defects of underwater pipes,
a new coupler mechanism is designed. Incident angle adjustment
and frequency sweep technique are used to generate, propagate,
and receive the guided waves through the pipes in water. This
study shows that the new coupler is an efficient device and the
guided wave inspection technique is an effective tool for health
' T ' monitoring of underwater pipelines. An analytical study is carried
1 1.5 2 25 3 out to identify the cylindrical guided wave modes that are sensi-
tive to the mechanical defects. Dispersion curves of aluminum
pipe in air and water are shown. Dispersion curves for aluminum
pipes surrounded by water show too many modes. From the ana-
Iytical study, it is shown that flexural cylindrical guided wave
are shown. Solid squares and circles correspond to the peak modes near asymptotes_of the dispersion curves are more sensitive
positions of the V() curves for 51 and 20 deg transmitter to the defects in comparison to the modes that are not close to the
angles, respectively. Solid triangles correspond to peak posi- asymptotes.
tions of the V/(f) curves for 31 deg transmitter angle  [9]. This study shows the feasibility of using ultrasonic guided
waves for underwater pipeline inspection. The new transducer
holder and its coupling mechanism have potential to be used for
Al underwater pipe inspection.

Phase Velocity (km/sec)

Frequency (MHz)

Fig. 8 Phase velocity dispersion curves of the aluminum pipe
in vacuum. Longitudinal, 1st, 2nd, and 3rd flexural wave modes
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