
102

A NEW METHOD OF AE SOURCE LOCATION IN PIPES
USING CYLINDRICAL GUIDED WAVES

Hideo NISHINO, Fukutoshi UCHIDA, Sunao TAKASHINA
Mikio TAKEMOTO and Kanji ONO*

Faculty of Science and Engineering, Aoyama Gakuin Univ., Setagaya, Tokyo JAPAN
*Dept. Materials Science and Engineering, UCLA, CA, USA

SUMMARY

We have developed a novel location method of damage in a pipe using cylindrical guided waves detected
by a single AE sensor mounted on the pipe. For the source location in the axial direction, we use arrival
time difference between L(0, 1) and F(1, 1) modes at a certain frequency, extracted by wavelet transform.
The locations in an aluminum pipe are identified within an average error of 5% for wave propagating
distance of up to 500 mm. For location along circumferential direction, we utilize both the amplitude and
phase information of L(0, 1) and F(1, 1) modes. A good relation between the amplitude ratio of L(0, 1)
and F(1, 1) modes and the circumferential source position is shown.

I .  INTRODUCTION

Analysis of guided waves in a hollow cylinder poses much difficulty due to the complex circumferential
modes in comparison to plate (Lamb) waves. Gazis [1] first provided the theoretical background of
cylindrical guided waves (cylinder waves). Three modes of the cylinder waves are Longitudinal (L-),
Flexural (F-) and Torsional (T-). Experimentally, Fitch [2] first generated and verified the dispersion of L-
and lowest F-modes using a pair of piezoelectric sensors. Several studies have been attempted since
utilizing the unique characteristics of a low energy leakage of the cylinder waves. Long range interrogation
of pipes was attempted by using cylinder wave techniques [3-5]. Selective generation of a specific mode of
the cylinder wave was applied by Alleyne et al. [6] for nondestructive testing of piping in chemical plant.
They reported that the cylinder wave can propagate several tens of meters in a 76-mm steel pipe. Rose et al
presented [7] analysis of the cylinder wave attenuation due to energy leakage into liquid around a steam
generator tube. Our group made quantitative analysis of guided waves to determine the location and
dynamics of environmental assisted cracking in metallic rod [8].

We propose here a novel source location method of AE signals from pipe damage. The method can obtain
the source location of AE signals propagating as cylinder waves. The AE signals are monitored by a single
AE sensor mounted at the end of the pipe. First, we estimate the source location along the axial direction
using the arrival time difference of L(0, 1) and F(1, 1) modes. For source location along circumferential
direction, their amplitude and phase information was used.

II. GUIDED WAVES IN A HOLLOW CYLINDER

We introduce the vibration mode and velocity dispersion of the cylinder wave. Phase velocity of the
cylinder wave is computed from the characteristic equation, in a 6x6 matrix form derived from the wave
equation in the cylindrical coordinates with the stress free boundary condition at the inner and outer
surfaces [1]. Vibration modes are Longitudinal (L-), Flexural (F-) and Torsional (T-) modes. These modes
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Fig. 1. Circumferential vibration mode.

are described as L(0, m), F(n, m) and T(n, m), where n and m are the circumferential and radial
(thickness) mode parameters, respectively. L-mode is axially symmetric, sometimes called as a breathing
mode. Schematic illustrations of circumferential modes are shown in Fig. 1.

Meitzler [9] and Silk et al. [3] classified all the high order circumferential modes as the F-mode. In their
classification, T-mode had only the circumferential fundamental mode (n=0). It is natural, however, that
the n-parameter of T-mode is not limited to zero. Each high order T-mode is coupled only with a SH wave
at the cut-off frequency (the so-called longitudinal-shear wave in [1]). This new classification allows us to
correlate the three cylinder modes to plate waves at diminishing wall thickness-to-outer diameter (t/d)
ratios; i.e., L- and F-modes to Lamb waves and T-mode to SH mode plate wave [10].

Figure 2 shows phase velocity dispersion of L- and F-modes for an aluminum pipe of 5 mm diameter and
1 mm thickness. They were computed for the longitudinal wave velocity of 6400 m/s and the shear wave
velocity of 3040m/s. Velocity dispersions of A0 and S0 Lamb waves for 1 mm thick aluminum plate are
also shown. Shape of the dispersion curves is identical for constant t/d. Therefore, the horizontal axis is
normalized by the product of frequency (f in kHz) and wall thickness (t in mm). This behavior is the same
as that of Lamb wave dispersion curve [11].

Figure 3 indicates the characteristic features of the velocity dispersions. Effects of t/d on the velocity
dispersion of L(0, 1) and L(0, 2) modes are shown for t/d = 1/2, 1/3, 1/5, 1/10 and 1/16. Note t/d=1/2 is
for a solid cylinder or a rod. With reducing t/d or increasing frequency-thickness product ft, L(0, 1) and
L(0, 2) modes approach the velocity dispersions of A0 and S0 Lamb waves in a plate whose thickness is
equal to t. At diminishing ft, the dispersion curves converge to that of a rod. This demonstrates that the
cylinder waves have the characteristics between the rod waves and Lamb waves [12].
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Fig. 2 Phase velocity dispersion of cylinder wave (Aluminum pipe, d = 5 mm, t = 1 mm).

Fig. 3 Phase velocity dispersion of L(0, 1) and L(0, 2) modes for pipes with different t/d.
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III. AXIAL SOURCE LOCATION
3-1 Method of source location

We obtain the source location of an AE signal using the velocity difference of L(0, 1) and F(1, 1) modes
monitored by a single AE sensor. As shown in Fig. 4 for a 1 mm thick aluminum pipe of 5 mm diameter,
we observe a large group velocity difference of L(0, 1) and F(1, 1) modes at low frequency range. Here,
we select the frequency f = 140 kHz, at which F(1, 1) velocity shows a maximum. Utilizing the group
velocity vL of L(0, 1) mode and vF of F(1, 1), the source location along the z axis (z being the distance
from the sensor in Fig. 5) is given by equation (1),

z =
vLvF

vL − vF

 
 
  

 
 ∆t ,  (1)

∆t is arrival time difference between L(0, 1) and F(1, 1) modes at the selected frequency. Though F(2,1)
modes exists in the same frequency range, a large arrival time difference between F(1, 1) and F(2, 1)
modes makes the separation of F(2, 1) from F(1, 1) possible.

Fig. 4 Group velocity dispersion with VL and VF at frequency f.

3-2 Experiment and results
We monitored cylinder wave signals by a Mach-Zehnder type laser interferometer (BMI, SH-140) having
the 20 MHz bandwidth and by a small AE sensor (PAC, PICO, nominal center frequency 0.5 MHz) at
100, 200, 300, 400 and 500 mm from the distal plane (see Fig. 5). Four aluminum pipes with d of 4, 5, 6
and 8 mm and t of 1 mm were used. The specific frequencies were selected for the F(1, 1) velocity
maxima and were theoretically determined as 210, 140, 100 and 80 kHz, respectively. Cylinder wave
signals were generated by a point focused pulse YAG laser irradiation at the distal of the pipes.
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Fig. 5 Experimental apparatus of verification.

Fig. 6 Waveforms of the cylinder wave AE's detected (a) by interferometer and (b) by AE sensor.
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Figures 6(a) and (b) show cylinder wave signals monitored by the interferometer and the AE sensor at z =
300 mm for 5 mm diameter pipe. The interferometer output is radial displacement, while AE output is
expected to be velocity. The first portion of the wave around 60 µs is dominant to the L(0, 1), and second
around 120 µs is the F(1, 1) mode for each AE signal. Time transients of 140 kHz components of the two
waveforms, extracted by wavelet transform, are shown in Figs. 7(a) and (b), respectively. First peaks at
63.6 µs of the interferometer and at 63.9 µs of the AE sensor represent L(0, 1) mode, and second peaks at
120µs represent F(1, 1) mode. Using the ∆t's of 56.4 µs and 56.1 µs, the source distance z's were
estimated as 297 mm (1.0% error from 300 mm) with the interferometer signal and as 293 mm (2.2%
error) of the AE sensor output, respectively. Here, the theoretically group velocities vL and vF at 140 kHz
were 4860 and 2520 m/s.

Fig. 7 140 kHz wavelet coefficient of AE signal detected (a) by interferometer (a) and (b) by AE sensor.

Location errors for another pipe diameters and source distances are summarized in Table I (interferometer
signals) and Table II (AE sensor output). Several source location attempts for 100 and 200 mm distances
were not successful due to the difficulty in separating the L(0, 1) and F(1, 1) modes. Average error of all
the results obtained using the interferometer was 3.5%, while that using the AE sensor was 4.9%. The



108

latter was slightly larger due to a larger sensing area. Despite non-flat response of the AE sensor, we can
estimate the source location in the axial direction with high sensitivity at lower frequency ranges. This
finding can be applied to the AE inspection of slender pipes and tubing, significantly reducing the cost of
damage inspection.

IV. CIRCUMFERENTIAL SOURCE LOCATION

Although the source location in the circumferential direction is less critical, we present here a method for
the source location over the circumference of a pipe. The method relies on the amplitude ratio of F(1, 1) to
L(0, 1) modes. Amplitude of F(1, 1) mode (see Fig. 1) changes depending on the source location, while
that of L(0, 1) mode is independent on the location. This is one of "the initial-value problem" of the wave
equation. Out-of-plane displacement in circumference of F(1, 1)-mode is presented by a sinusoidal
function Acos(2θ+ϕ). A is peak amplitude, θ indicates the circumferential source location and ϕ the
relative circumferential position between the source and sensor. The largest amplitude is obtained for ϕ=0˚
and the amplitude is the smallest at ϕ=90˚ (Fig. 8).

An aluminum pipe of 5mm diameter and 1mm wall thickness was used in the experiment. Using the
system shown in Fig. 5, we monitored cylinder wave signals produced by laser irradiation at five
circumferential positions (ϕ=0, 45, 90, 135 and 180˚). Detected waveforms are shown in Fig. 9.
Amplitudes of first peak A, due to L(0, 1) mode, were almost independent of ϕ, and the phase showed no
change. In contrast, the phase of peak B, due to F(1, 1) mode, changed at ϕ=90˚ and amplitude was the
smallest at ϕ =90˚ (in fact, buried in other unidentified high-frequency modes). Figure 10 shows the
amplitude ratio of F(1, 1) and L(0, 1) modes as a function of ϕ. Closed circles indicate experimental data.
At ϕ=90˚, error bar is inserted because no clear F(1, 1) component at ϕ=90˚ was detectable. Solid curve   
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Fig. 8 Schematic illustration of F(1, 1) vibration
and detection point ϕ.

Fig. 9 Detected signals of cylindrical guided waves
for different source position ϕ.

Fig. 10 Amplitude ratio of F(1, 1) and L(0, 1) as a function of probe position ϕ.

represents a theoretically predicted amplitude variation.  Here, the peak amplitude A was determined as 8.8
by a least square fit to the experimental data except the amplitude F(1, 1)/L(0, 1) = 0 at 90˚. Experimental
data agrees well with the theoretical prediction.

The present result demonstrates the feasibility of monitoring F(1, 1)/L(0, 1) and comparing it to the
reference in order to identify AE source location in circumference.
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V. CONCLUSION

We have demonstrated a new source location method of the hollow cylindrical guided waves. The source
location along the axial direction can be determined by utilizing the arrival time difference between L(0, 1)
and F(1, 1) modes. Utility of this method was verified for laser-induced signals monitored by a wideband
interferometer and an AE sensor. The axial source location was determined within 5% error using the AE
sensor for up to 500 mm. Owing to the low energy loss of the cylinder waves, the present method is
applicable to pipe inspection over a long distance.

We also showed a method for the source location in circumference. It utilizes both the amplitude and phase
information of L(0, 1) and F(1, 1) modes. A good relation between the amplitude ratio of L(0, 1) and F(1,
1) modes and the circumferential source position was shown.

The application to the source location of real AE signals in long pipes remains as future challenge.
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