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Engineering Science and Mechanics Tremendous interest has surfaced recently on the use of guided waves in pipe inspection
Department, in the oil, chemical, and power generating industries. Relatively long lengths of piping
The Pennsylvania State University, can be inspected for corrosion and cracking from a single probe position. This saves a
University Park, PA 16802 great deal of time and money compared to using more standard point-by-point normal
e-mail:jlresm@engr.psu.edu beam inspection procedures. Pipes can be inspected without removing insulation or tar
coatings by controlling the guided wave modes and frequencies used to carry out the
Michael J. Avioli, Jr. study. This paper will review the history and state of the art of the guided wave techniques
FBS, Inc., in piping. Benefits and limitations of the various methods will be pointed out along with
State College, PA 16801 a vision of future directions in the area of pipe inspectippOl: 10.1115/1.1491580
Introduction Although Navier’s equation is intractable in this form, it can be

. . . . . reduced into scalar and vector wave equations by the method of
Interest in the guided wave inspection of pipes has peaked d elmholtz, (2), where the displacement field is assumed to be a

ing the last decade because of the possibility of inspecting lo S . - e
lengths of pipe from a single probe position. The potential foggmblnatlon of the gradient of a scalar potential field,and the

inspection of pipes under insulation, soil, or tar, those embeddfgri gf S;I%CEg]r potential fieldi, with the additional constraint
in concrete, and those generally hidden from sight is becomi ’

realized. For general reading and a review on guided waves, see u=Vd+VxH 2)
[1-6]. Textbooks containing fundamental topics in guided wave
analysis can be found ifv—11]. Early work that serves as back-
ground in pipe analysis is presented #2—30. Recent published
works on pipe inspection with guided waves can be found
[31-55. The current thinking on wave resonance tuning to op

Thus, the resulting wave equations &8 and (4), where(3)
represents the longitudinal wave motion in the structure @nd
fepresents the shear wave motiep;andc, are the longitudinal
tF—md shear wave velocities of the medium.

mize defect detection, location, classifications, and sizing poten- 1 9°d
tial is introduced in[56—-59. Some computational techniques to V2d= 2 ci=VIN+2u)lp ?3)
assist the inspection process for defect classification and sizing 1
analysis can be found if60—-63. 2
: } o0 , 1 #°H
Material presented in this paper goes beyond earlier works and V2H=— i Co=\ulp 4)
emphasizes the wave resonance tuning approach to defect analysis 2 d

and improved penetration power. The wave tuning exercise is il-|f Egs. (3) and(4) are solved entirely, a theoretical solution will

lustrated with a defect cluster detection experiment in a pipe f%e developed that represents all modes of propagation in the hol-

lowed by some analytical and experimental tuning of guide@w cylinder, including the axially symmetric, nonaxially symmet-

waves in a coal tar coated pipe. Excellent results were obtainege and torsional guided wave modgss,17. However, the axially

symmetric guided wave solution can be isolated by assuming that
Theory only the theta component of the vector po_tent_ial field is nonzero
and that both the vector and scalar potential fields are only func-

In general, there are two basic methods for constructing multlens of coordinates andz [9]. Assuming time harmonic motion

layer waveguide solutions, the transfer matrix mett6d,65, in the z coordinate direction, the solution of the scalar and vector

and the global matrix methof6]. Although, the global matrix wave equations i5) and (6).

method tends to be more computationally inefficient, it has the 1 5 (k- ot)

benefits of simplicity, and an inherent numerical stability that can P ={A+)Holar)+AL_ Hg(ar)}e ®)

be difficult to achieve in the transfer matrix methptl64—67. . 1 2 i(kz— ot

Thus, the global matrix method is used here tgudescri?)e the H={A(s: HI(BN) + A Hi(Br)}e! ‘e (6)

multilayer, hollow cylinder waveguide. A schematic representa- The quantities involved in the solution are defined as follows:

tion of the layer system is shown in Fig. 1. A+ Aw-ys Ay Aoy, are the unknown amplitude con-
The derivation begins with Navier's equation of moti¢l), stants for longitudinal and shear waves propagating in the layer in

whereu is the displacement field, and . are the Lameonstants the outward and inward directions,is the angular frequenciy,is

for the material, ang is the density, where the vector operationshe wave number, and and 8 are given by(7). The functions

are performed in the cylindrical coordinate system. Due to thgl?z) are thenth order Hankel functions of the first and second

correspondence principle, it is not necessary to distinguish hgnd. Hankel functions are used instead of Bessel functions be-

tween elastic and viscoelastic lay¢68]. Layers are considered cause they provide better numerical stability when seeking solu-

elastic when the material constants are purely real numbers, Whighs in the range of phase velocities where individual wave com-

layers are visco-elastic when the material constants are complgsnents become nonpropagating across the layers.

du 2_ 2,2 12 2_( 2/2_ 12
MV2U+(}\+,M)V(V'U)ZP—2 (1) o (w /Cl k ), B (w /C2 k ) (7)
In order to construct the boundary conditions for the problem, it

ot
. o is necessary to make the layer matrix specific to a particular layer
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used to prescribe the boundary conditions on the free surfaces,
where the displacement components of the layer matrix must be
omitted. The specific boundary conditions for the problem are the
vanishing of normal and shear stresses and the free surfaces of the
problem, and the continuity of stress and displacement at the in-
terfaces between layers. Using the matrix formalisni®f each
boundary condition for the problem can be prescribed. The total
set of boundary conditions can then be constructed into a global
matrix equation. For instance, the global matrix equation for a
four-layer system ig9). This matrix contains the layer matrices

for each layer, evaluated at the interfaces where a boundary con-
dition is prescribed. The subvectdi} contain the unknown am-
plitude constants for the layers. The next step towards solving the
boundary value problem for the multi-layer hollow cylinder is to
generate the equations for the displacement and stress fields in the
layer. The displacement field is generated by substituting the sca-
lar and vector potential solutions into E@). The stress field is

Fig. 1 Schematic representation of a multilayer hollow derived by consecutively applying the strain-displacement and
cylinder stress-strain constitutive equations to the displacement field equa-
tions. The displacement and stresses are expressed in a matrix
format as in(8), where[A] is called the layer matrix.

this. The notation that is used here is to use subscripts to indicate u AL
the layer, and radius of the layer is being evaluated, such that uz A< )
[A 1] is the layer matrix evaluated for the first layer at its outside " =[A] (L) % gilkz—ot) ®)
radius as defined by Fig. 1. An additional matfik], is defined as Orr As+)
the lower 2<4 submatrix of the layer matrixA]. This matrix is Oz Aisoy
|
—kHg(ar) —kHj(ar) — BHy(Br) — BH(Br)
— aHi(ar) —aH?(ar) kHI(Br) KH2(Br)
[Al= 2_ p2yyl ® 2_ 22 2 1 ko1 ‘ 2 K o
m| (K=pI)H(ar) +2—Hi(ar) | u| (kK*= B9 Ho(ar) +2—Hi(ar) | u 2kBHo(Br)*2;H1(/5’r)) w| 2kBHo(Br) =2 - Hi(Br)
—2pukaHj(ar) —2pkaHi(ar) (K= BAH(Br) (k= BAHI(Br)
) 0 0 0
[Ap] [—Agl 0 0 {Ad}
o | T VR R W R T (R CCCer o
{As}
0 0 [Asd] [—Aual {A4}
0 0 0 [Agsl

To obtain a nontrivial solution for the problem, the determinaritnes such as Miers method that rely on the slope of the func-
of the global matrix must equal zero, resulting in a dispersiaion, tend to extrapolate wildly, finding some roots, but not being
equation for the layer system. Aside from the material constardable to find all of the roots for a particular frequency of interest.
for each layer, there exists a single independent variable of fién alternative to traditional root finding routines, is to find the
guency, and a single dependent variable of wave number. A plotlo€al minima of the absolute value of the dispersion equdédn
the wave number roots versus, frequency yields the dispersidlthough the method is computationally inefficient, it tends to
curve for the structure. reliably find all of the roots of the dispersion equation.

The roots of the dispersion equation can be real, imaginary, orThe real and imaginary parts of the complex wave number roots
complex[69]. For elastic waveguides, the roots will be either readf the dispersion equation can be converted into phase velocity
or imaginary, where the real roots describe a wave mode thataisd attenuation values from Eq4.0)—(12). This alternative rep-
propagating with no attenuation, and the imaginary roots descrit#sentation is important in that the phase velocity values can be
non-propagating wave modes. Complex roots exist when materilectly tied to the means of generating the guided wave, and the
attenuation is included in the model. These roots describe a propé&tenuation values are directly useful for choosing modes to pen-
gating wave mode that is attenuating with distance from thedrate a coated structure. The plots of phase velocity versus fre-
source[69]. This is the type of result that is of interest for vis-quency are termed phase velocity dispersion curves, while the

coelastic or combination elastic/viscoelastic waveguides. plots of attenuation versus frequency are attenuation dispersion
curves.
H w
Numerical Results Con= Rel (10)
The complex roots of the dispersion equation can be quite dif-
ficult to find, due to the fact that the absolute value of the equation a=Im(k) (112)
changes over many orders of magnitude between roots. Thus, rou- Attenuatiorfd B/m) = 20 logy( e~ 100%) (12)
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Table 1 Elastic and viscoelastic material properties 2" — Pipe end to exit point

Material Re(cl) IIn(Cl) Re(Cz) Im(cz) (’ ./ 3) T
(kmis) | (kmts) | (mis) | (omis) | ™" 46" |
Steel 590 0.00 3.19 0.00 7.80

Array 22 ’
Bitumen Coating | 1.86 -0.08 073 -0.13 1.50 \

) @
Clusts
uster ==

In order to calculate the dispersion equation for a particule | / 720 |
system of layers, it is necessary to obtain the material consta ‘ '
for each of the materials involved. The material constants are t g pequte 40 Swinless Steel pipe
longitudinal and shear wave velocities, and the material densiuy.
For elastic_ layers, t_he wave velocities are p_u_rely real qua_ntitiq__s,g_ 3 Schematic of experimental arrangement showing hole
while for viscoelastic layers, the wave velocities have an imagdind cluster locations relative to the ensemble exit point of the
nary component. The complex wave velocities for viscoelastigray
materials are seldom published so it is necessary to measure the
guantities. This can be done by measuring velocity and attenua-
tion of longitudinal and shear waves in the matefiad]. The )
material properties for the elastic steel and viscoelastic bitumBfaK amplitude response for each frequency was measured and
coating are shown in Table 1. The phase velocity and attenuatiPfett€d as a function of frequency to identify any preferred fre-
dispersion curves for a 4-in. schedule 40 steel pipe, coated witHency(ies). To perform the experiment, a Matec Explorer v
0.006 in. of bitumen are shown in Fig. 2. tone-byrst pulser/reg:elver was used with a 6-ft long 8-in. schedule
The phase velocity dispersion curve looks quite typical as corft0 Stainless steel pipe. _ _ )
pared with dispersion curves for a single layer, elastic hollow Figure 3 shows a schematic of the testing arrangement. Figure 4
cylinder. This is likely due to the fact that the viscoelastic coating’oWs the Matec Explorer Il instrument and a view the 15-
is thin in comparison with the elastic layer. The attenuation di§/ément array. Each array element has a 500-kHz transducer
persion curve is very interesting in that it shows drastic attenudlounted on a Plexiglas shoe that is cut to provide a phase velocity
tion changes for the different modes over the frequency range §§f0-116 infus or (2.95 mms) and conforms to the curvature of
interest. The two lowest-order modes at low frequency show velye PiPe. Figure 5 shows the “hole” defect and the “cluster
good attenuation performance except at the point of the cut§fgfect: Figure 6 shows the pipe, seven-hole cluster, and 15-
frequency for the(0,2) mode. As frequency increases the atten@€ment array. )
ation of the modes is tending to increase, although there are many/'9uré 7 shows the RF waveforms obtained from the hole de-
specific points along the modes that have quite low attenuatiitt @nd from the cluster defect. The main bang portion of the
values. These modes have great potential for performing a nongiénals as well as the pipe end echo have been partially removed
structive test in a coated pipe. rom the §|gnals. Th_e excitation frequency was varied from 100 to
675 kHz in 25-kHz increments. The gates indicate the hole posi-
: : : tion 22 in., and the cluster position 46 in. The bars to left and right
E?(perlmental Results on Defect Detection in a Clean show the peak-to-peak amplitude within the gates selected for the
Pipe hole and for the cluster, respectively. Figures 8, and 9 show the
To illustrate the benefits of frequency tuning, a sample problelars transposed to a frequency axis slightly magnified for bet-
is given here. A hole defect and seven-hole cluster defect in_a
clean pipe were insonified with varying frequency. The peak-to- Explorer II™ is a trademark of the Matec Corporation, Northbough, MA

=
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Fig. 2 Phase velocity and attenuation dispersion curves for a 4-in. schedule
40 steel pipe, coated with .006 in. of bitumen, showing the first six longitudinal
modes of propagation
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total cross-sectional area of the pipe wall. A bitumen coating was
applied to one of the test samples to an approximate thickness of
0.006 in.

Three modes were chosen from the attenuation dispersion curve
to inspect the test samples: thg€0,2) mode at 190 kHz, the
L(0,3) mode at 630 kHz, and th&€0,3) mode at 740 kHisee the
circled modes on Fig.)2 From the attenuation dispersion curve,
the expected result is that th€0,2) mode at 190 kHz, and the
L(0,3) mode at 740 kHz would be good choices for performing an
inspection, while the_(0,3) mode at 630 kHz would have unac-
ceptably large attenuation. Figures 10—12 show the test results.

In all results, the echoes shown from left to right are as follows:
1) the initial excitation of the transducer) 2he echo from the
defect; and Bthe echo from the end of the pipBWE). The
results are arranged in two columns, one for the clean pipe and
one for the coated pipe. The upper results were taken with the
same instrument gain to show a comparison of the actual signal
strength of the defect and backwall for the two samples. For the
lower results, the instrument gain was adjusted to bring the defect
signal to 80% of full screen height. Then the defect signal strength
can be compared with the baseline noise of the system to see if
F|g 4 Matec™ tone-burst pu|se|’ /receiver shown with test p|pe there was enough Strength to reSOIVe the defeCt from the nOise.

As expected, the result showing the least amount of attenuation
was thelL (0,2) mode at 190 kHz. The gain and signal to noise of
%ﬁ_‘e defect was quite similar for both the clean and coated pipes.

optimize the response from either the hole or the cluster. F e results for the.(0,3) mode at 630 kHz are generally unac-

example, and for this experiment 450 kHz produced the best aRgptable from a nondestructive point of view, because the signal

plitude response from the cluster and 125 kHz produced the b&§€ngth is almost entirely attenuated. Increasing the frequency of
response from the hole. excitation to 740 kHz, th& (0,3) again becomes usable, showing

some attenuation, but still having excellent signal to noise on the
. | | f .. | defect. In fact, even though the frequency of operation has almost
Experimental Results From Defect Detection in a Coa quadrupled from 190 to 740 kHz, the attenuation and signal to

Tar-Coated Pipe noise of the tests are very similar. Additionally, an interesting
In order to apply the knowledge gained from the attenuatigepservation is that the back-wall is reduced in amplitude from the
dispersion curves, two test samples were prepared. Both samplesoated case. This is most likely due to mode conversion effects
consisted of a 10.5-ft length of 4-in. schedule 40 steel pipe withand not due to the presence of the coating. This result demon-
transverse saw cut. The depth of the saw cut was made to 0.Es@tes the importance of having knowledge of the attenuation
in. that produces a notch area that is equivalent to 5% of tlebaracteristics of guided waves propagating in a coated structure.

ter viewing. It is clear from these charts that frequency tuning ¢

(b)

Fig. 5 (a) Round bottom-hole defect (the diameter is 0.375 in. and the depth is 0.25
in.); (b) seven-hole cluster defect
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“15 element array

0

4

ft. long 8” Sched. 40 SS pipe

(a) (b)
Fig. 6 (a) End-on view of pipe showing location of seven-hole cluster; (b) view of 15-element array
Holegate Cluster gate Hole gate  Cluster gate Holegate Cluster gate Holegate Cluster gate
Lty P, —— —r

100 kHz
-]

250 iz

[-—— ]
550 kKHz

400 kHz
]

125 kHz
|essez o]

275kHz

425kHz
.
=
575 kHz

150 KHz
==
300 kHz
450 kHz
=]
[
600 kKHz

175 Hz
]
325kHz
475 kHz
=]
L]
625 kHz

350kHz
500 iHz

200 kHz
c
R
650 kHz

225 KHz
]
375kHz
525kHz
—
675 kiHz

(a) (b)

Fig. 7 Gated RF waveforms from hole (left) and seven-hole cluster (right); medium gray bars are peak-to-peak values in the
“hole” gate and the darker bars are peak-to-peak values in the “cluster” gate (on the right and left sides of the RF waveforms,
respectively )—(a) frequency range (100, 375) kHz; (b) frequency range (400, 675) kHz
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100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675
(kHz)

Fig. 8 Amplitude versus frequency distribution of echoes from seven-hole cluster

100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675
(kHz)

Fig. 9 Amplitude versus frequency distribution of echoes from lone hole

Clean Pipe Coated Pipe

Fig. 10 Test results for a clean and coated pipe with a transverse notch of 5% cross-sectional area using the L(0,2)
mode at 190 kHz for inspection. The upper waveforms show the defect and back wall results for an equivalent
instrument gain to demonstrate the attenuation difference between clean and coated test samples. The lower
waveforms show the result when the instrument gain is adjusted to bring the notch to 80% of full screen height to
demonstrate the difference in signal to noise of the test for clean and coated test samples. Despite the coating,
excellent results are obtained.
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Clean Pipe Coated Pipe

153 N €18 6158 ny ¥ W% 1215 185 = s €3 an na QB 10810 125 188

Fig. 11 Test results for a clean and coated pipe with a transverse notch of 5% cross-sectional area using the
L(0,3) mode at 630 kHz. The upper waveforms show the defect and back wall results for an equivalent instrument
gain to demonstrate attenuation differences between clean and coated test samples. The lower waveforms show
the result when the instrument gain is adjusted to bring the notch to 80% full screen height to show the difference
in signal to noise of the test for clean and coated test samples. Poor results are obtained because of the coated
pipe and improper mode and frequency selection.

Clean Pipe

9158

Coated Pipe
6128 7880 L]

Fig. 12 Test results for a clean and coated pipe with a transverse notch of 5% cross-sectional area using the L(0,3)
mode at 740 kHz for inspection. The upper waveforms show the defect and back wall results for an equivalent
instrument gain to demonstrate the attenuation difference between clean and coated test samples. The lower wave-

forms show the result when the instrument gain is adjusted to bring the notch to 80% of full screen height to
demonstrate the difference in signal to noise of the test for clean and coated test samples. Despite the coating,
excellent results are obtained.

It is now quite obvious that there are many low attenuation modés produce a good result. Quite often higher frequencies can have
to choose beyond thie(0,2) mode at low frequency. much better penetration power than lower frequencies.
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