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Abstract 
 

 AE monitoring for high-temperature components such as high energy steam pipings necessi-
tates the use of waveguides to protect the sensor. However, this causes distortion of propagating 
waveforms and it is very difficult to quantitatively analyze AE using such modulated waveforms. 
From these backgrounds, recently CRIEPI has developed the optical fiber sensor that can be ap-
plied up to 600˚C and the measurement system. The aims of this study are to develop practical 
sensor installation techniques of the optical fiber sensors for high-temperature pipings and to in-
vestigate the suitable waveform analysis technique of optically detected AE signals. (1) Direct 
attachment of the sensor on piping surface using couplant and (2) attachment of the sensor on the 
end of a stud-welded waveguide were proposed for suitable sensor installation techniques. The 
wavelet-based signal processing has been applied to the detected signal by the optical fiber sen-
sors to improve the accuracy of source location on steel pipings. It was demonstrated that loca-
tional error of this technique was less than ±4% (direct attachment on the surface) or less than 
±25% (attachment on the end of the waveguide). 
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Introduction 

 
 Ultrasonic testing (UT) is the most popular nondestructive test for large-scale structures. 
However, it requires installation and removal of scaffolds and inspection of narrow portions is 
difficult due to limitation of instruments. By using acoustic emission (AE) testing in combination 
with UT, in particular inspecting only the concentrated parts of AE, reduction of inspection time 
and cost is expected. In the electric power industry, AE testing has been applied to location of 
the partial electric discharges in a transformer. It has been also applied to erosion monitoring of 
the steam turbine blades caused by collision of the oxide scales in steam flow [1]. However, 
since there are not sufficient references and sensor installation is difficult, there are a few reports 
about application of AE testing to monitor high-temperature components. In addition, since PZT 
elements generally used as an AE sensor lose the piezoelectricity at Curie temperature, it cannot 
be used at temperatures above 300˚C. Cooling of attachment area of a sensor or use of a 
waveguide is required to apply PZT sensors to high-temperature components. It causes modula-
tion of waveforms and makes it difficult to analyze these waveforms. 
 

In the U.S., AE monitoring for inspection of actual pipings in fossil power plants has been 
carried out since 1986. PZT sensors attached on the end of metal waveguides welded on piping 
surface have been used for these monitoring. Electric Power Research Institute (EPRI) has estab-
lished guidelines for performing an AE inspection on seam-welded hot reheat pipings in 1995 [2]. 
In-service monitoring based on this guideline has been performed for 75 lines in the U.S. by 
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2002 and it has been reported that location of defects indicated by the other nondestructive in-
spections showed good agreement with the concentrated parts of AE signal [3]. 

 
Since an optical fiber has durability and corrosion resistance, some types of optical fi-

ber-based AE sensor have been developed in recent years [4-7]. From these backgrounds, Cen-
tral Research Institute of Electric Power Industry (CRIEPI) has developed the optical fiber sen-
sor that can be applied up to 600˚C and the measurement system [8]. However, it is still difficult 
to apply these sensors to high-temperature pipings. The aims of this study are to develop practi-
cal sensor installation techniques of the optical fiber sensors for high-temperature pipings and to 
investigate suitable waveform analysis technique of optically detected AE signals. 

 
Measuring System 

 
CRIEPI and LAZOC Inc. have developed the optical fiber sensor that can be applied up to 

600˚C and a Mach-Zehnder type optical fiber laser interferometer [9]. Figure 1 shows the optical 
system of the interferometer. The light source is a laser diode with a wavelength of 1550 nm. 
The light from the source is divided into the signal beam and the reference beam. When an opti-
cal fiber receives vibration by elastic waves, a frequency shift will arise in the passing signal 
beam. The reference beam is guided to the acousto-optic modulator (AOM) and the frequency is 
shifted by 80 MHz. These beams are combined and sent to a photo-diode (PD), and then fre-
quency change is detected as voltage change in a frequency detection circuit (f-V circuit). De-
tectable frequency band of the interferometer is 0.1 Hz - 5 MHz, and the interferometer has 
high-pass filter (HPF) of 0.1 to 100 Hz, and low-pass filter (LPF) of 200 kHz to 1.5 MHz. The 
sensor used in this study consists of 50 loops of fiber entirely sandwiched between Kapton films 
(LAZOC, LAEDS505SB). The dimensions of the Kapton films, inner diameter and outer diame-
ter of optical fiber sensor are 35 x 30 mm, 5 mmφ and 21 mmφ, respectively. 

 

 
Fig. 1 Optical system of the interferometer. 

 
Figure 2 shows the measuring system used in this study. Output signals from the interfer-

ometer were recorded by an AE analyzer (PAC, DiSP) or an oscilloscope (Yokogawa Electric, 
DL750) through a frequency filter (NF Corp., FV-628B). Recorded waveforms were analyzed by 
a program developed with LabVIEW and MATLAB to extract AE parameters and to carry out 
source location. A pulse generator (PAC, C-101-HV) and a PZT pulser (PAC, R15, resonance 
frequency of 150 kHz) were used for excitation of simulated AE signals. Resonance type AE 
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sensors (PAC, Nano30, resonance frequency of 300 kHz) and preamplifiers (PAC, 1220A) were 
used for comparison. Each sensor was attached to measuring plane with silicone grease 
(Shin-etsu Chemical, HIVAC-G). 

 
Fig. 2 Monitoring system for piping. 

 
Sensor Installation Techniques for Piping 
 

To apply sensors to high-temperature components, it is required that coupling between a 
sensor and a measuring plane is strong enough and stable at elevated temperatures during 
long-term monitoring as well as heat resistance of sensor itself. Furthermore if removing and re-
covery of insulation is not necessary for sensor installation, time and cost can be reduced. In this 
study, applicability of two installation techniques was investigated; (1) direct attachment of the 
sensor on pipe surface using couplant; (2) using waveguides as the U.S. electric utilities have 
already applied to AE monitoring of actual piping installations. 

 
Firstly, the applicability of commercial high-temperature adhesives was investigated by a 

heat exposure test. The detailed descriptions of the test are as follows. An adhesive was applied 
to a stainless steel disc with dimensions of 30 mmφ x 5 mm to fix it on a stainless steel block 
with dimensions of 60 x 40 x 20 mm or a steel plate with radius of curvature of 190 mm and 
thickness of 5 mm, and then cured according to the instruction. After that, the bonded stainless 
steel was heated to 600˚C and kept at this temperature for 6 hours and then cooled to room tem-
perature. The PZT sensor and the pulser were adhered to the stainless steel surfaces at the oppo-
site side. Simulated AE signals were excited by the pulse generator and the pulser, then detected 
by the PZT sensor and recorded by the oscilloscope. The reduction of acoustic transmission was 
evaluated by the maximum amplitude ratio normalized by the maximum amplitude at room tem-
perature using the silicone grease as couplant. The heat exposure test was repeatedly carried out 
until the adhesive fractured. Figure 3 shows change of acoustic transmission with the number of 
heat exposure cycles. Adhesive (a) cracked within the first cycle and the signal could not be de-
tected. Although adhesives (b) and (c) had no visible cracks, acoustic transmission decreased 
with number of cycles and it became impossible to detect the signal after 2 cycles. All tested 
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adhesives cracked within the first cycle in the case of the curved surface so that the signal could 
not be detected. It is considered that uneven adhesive thickness led to fracture due to the differ-
ence in the coefficients of thermal expansion. From these results, it can be concluded that com-
mercial high-temperature adhesives are unsuitable for fixing the sensor to high-temperature pip-
ings. 

 
Secondly, the applicability of commercial high-temperature greases was investigated as 

above. High-temperature grease is useful because it requires no curing and no surface pretreat-
ment to attach sensors. The change of acoustic transmission with the number of the heat expo-
sure cycles was also shown in Fig. 3. It was observed that grease (a) cracked and flaked off due 
to evaporation of the water at elevated temperatures. On the other hand, grease (b) showed good 
performance. Simulated AE signals could be detected after 2 cycles and even detected after 2 
cycles of 120 hours hold at 600˚C. Below the glass-transition temperature, the grease is hardened, 
and it becomes soft at elevated temperature and acts as an acoustic medium. Although acoustic 
transmission decreased due to reduction of the contact area because of flow of the grease in the 
case of the curved surface, the signal could be detected after 2 cycles. Since the grease itself lost 
adhesion at elevated temperatures, mechanical support of the sensor is required [10]. 

 
Since an actual piping is covered with insulation, removal and recovery of the insulation is 

required for sensor installation. In addition, maintenance of sensors is very difficult because we 
cannot observe sensor condition from outside and access to the sensor until next plant outage 
time. Use of a waveguide is a simple way to install sensors to an actual piping without complete 
removal of the insulation. Applicability of the short-cycle stud welding technique, which can at-
tach a metal rod, called a stud, in a short time (less than 0.01 second) to a metal component, was 
investigated. The advantages of this technique are (1) firm joint is possible even if a surface oxi-
dization films or contamination have not been removed. (2) Installation of sensors to narrow por-
tions is possible. Figure 4 shows cross-section of a steel stud welded on a steel plate. The depth 
of weld penetration was less than 300 µm and the melted area was close to the diameter of the 
stud. The damage to the base metal was smaller than from other welding techniques such as the 
arc welding. Figure 5 shows schematic figure of the designed waveguide. As the result of detec-
tion of simulated AE signals on a steel plate with a thickness of 0.75 mm, the maximum ampli-
tude of the signals detected by the sensor attached at the waveguide root was 12 dB smaller than 
that directly attached on the surface, in the range of 10-700 kHz. 

 

Fig. 3 Change of acoustic transmission with number of the heat exposure cycles. 
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  Fig. 4 Cross-section of a steel stud welded on a Fig. 5 Schematic drawing of  
  steel plate. the designed waveguide.  
 
Accuracy of Source Location on Piping 

 
Linear source location on a pipe using the arrival time interval of elastic waves becomes pos-

sible by attaching two or more sensors. However, the accuracy may be affected by the sensor 
spacing (position and distance between the sensors and the source), and by use of waveguides. In 
this study, the accuracy of linear source location on a pipe using the optical fiber sensors was in-
vestigated. 

 
We have reported that the interval between the first peak times of the wavelet coefficients at 

specific frequency is suitable for determination of the arrival time interval of optically detected 
AE signals [7]. In order to automate this peak determination, (a) threshold crossing of the wave-
let coefficients at specific frequency and (b) cross-correlation between the coefficients of each 
sensor were investigated. The wavelet coefficients at 150 kHz were chosen. Morlet was used as 
the mother wavelet. Figure 6 shows experimental setup of a location test using waveguides. Two 
optical fiber AE sensors were attached on a low alloy steel pipe with outer diameter of 400 mm 
and inner diameter of 380 mm. The sensors were attached directly on the pipe surface or on the 
end of the stud-welded waveguides with length of 90 mm. Simulated AE signals were excited by 
the PZT pulser attached on the pipe surface with varying distance and angle between the sensors 
and the source. The frequency filter was set as HPF of 10 kHz and LPF of 250 kHz. The arrival 
time interval between each sensor was determined by conventional threshold crossing technique, 
techniques (a) and (b) using the wavelet coefficients. 

 
Fig. 6 Experimental setup of a location test using waveguides. 
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Fig. 7 Changes of locational errors with distance and angle between the trigger sensor and the 
source; (a) conventional threshold crossing technique; (b) threshold crossing of the wavelet coef-
ficients at specific frequency. 
 

 
Fig. 8 Locational errors of each technique.  Fig. 9 Change of locational errors where the 

sensors were attached on the end of the 
waveguides. 

 
The accuracy of location where the sensors were attached directly on the pipe surface was 

examined. Figure 7 shows changes of the locational errors with distance and angle between the 
trigger sensor and the source. Figure 7(a) and (b) show results by threshold crossing technique 
and technique (a) with wavelet, respectively. By conventional threshold crossing technique, the 
error became large with increase in distance and angle. The maximum error was approximately 
100 mm. By technique (a) with wavelet, when the source was placed at center of sensor spacing, 
the maximum error was approximately 10 mm and significant increase in the error with increase 
in angle was not observed. Although the error became large with increase of distance between 
the trigger sensor and the source, the error was approximately±4%. 
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The accuracy of location where the sensors attached on the end of the waveguides was ex-
amined. The time interval was determined by two techniques; (a) interval of the first peak times 
of the wavelet coefficients and (b) peak of cross-correlation between the coefficients of each 
sensor. Figure 8 shows locational errors of each technique. Although the error increased with 
distance between the trigger sensor and the source, it was demonstrated that (a) was better tech-
nique to determine the time interval. It was considered that correlation of the first peak including 
noise led to increase of the error in technique (b) using cross-correlation. Figure 9 shows change 
of the locational errors with distance and angle between the trigger sensor and the source. Here x 
= 1.5 m means that the source was placed near the waveguide root. The maximum error was ap-
proximately±25% and the error became large with distance and angle between the trigger sen-
sor and the source. The error was larger than that where the sensors attached directly on the sur-
face. This seemed to be caused by modulation and attenuation of elastic waves during propagat-
ing the waveguides. 

 
Figure 10 shows the accuracy of location by the optical fiber AE. The accuracy for the pip-

ings that EPRI carried out was also shown in the figure, where PZT sensors were attached on the 
end of the waveguides approximately 4 m apart and conventional threshold crossing technique 
was applied [3]. Since the accuracy could not be compared simply due to difference in the sensor 
spacing, the accuracy of our technique seemed to be sufficient. Especially when the source was 
close to the center of the sensor spacing, very good accuracy was acquired. Therefore, appropri-
ate sensor spacing can improve the accuracy of location. 

 
Fig. 10 Accuracy of location by the optical fiber AE in comparison with conventional technique. 

 
Conclusions 

 
In this study, the optical fiber AE system developed was applied to location on a piping, and 

suitable sensor installation techniques were investigated. The obtained results are as follows: 
 

(1) Some installation techniques of the optical fiber AE sensor to a low alloy steel piping were 
investigated. As the result, combination of a high-temperature grease and mechanical fixing 
was proposed as the most suitable way to attach the sensor if welding was not permitted. At-
tachment on the end of a stud-welded waveguide was proposed as a suitable way to attach the 
sensor to narrow portions or insulated components. 
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(2) Accuracy of source location on a piping using the continuous wavelet transformation and the 
optical fiber AE sensors attached by each installation technique was examined. The error was 
less than ±4% where the sensors were attached directly on the piping surface and less than 
±25% where the sensors were attached on the end of stud-welded waveguides. 
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