
an impulse for SAW excitation at a 0.5 ms 
interval [5]. 
 The signal returned from the ball SAW 
sensor through the circulator is acquired by the 
analog-to-digital converter after passing 
through a band pass filter, a log amplifier and a 
peak hold circuit. In this experiment, the peak 
values at two turns were averaged 1000 times 
to measure the attenuation. As a result, the 
measurement interval was 1 second. 
 
3. System development 

 The ball SAW sensor was calibrated 
using a temperature controlled cell by Peltier 
element. Fig. 3(a) shows a response of 
attenuation change when frost points were 
changed using a bubbler at flow rate of 0.1 
L/min. A response of attenuation change was 
observed at the frost point of -70 to -20 ℃. As 
the frost point increased, the attenuation increased. 
Fig. 3(b) is the calibration curve to measure 

the frost point of -70 to -20 ℃  from the 
attenuation, interpolated by the spline method. 
It showed a good linearity in the frost point 
range of -60 to -30 ℃.  

4. Result 

The change in the frost point is shown in 
Fig. 4(a), when dry nitrogen was flowed to the 
dry box at 6 L/min, and the cover was opened 
for 0.3 seconds and closed. Reproducibility of 
four experiments was high. We confirmed 
wetting by the atmospheric air and saturation in 
10 seconds. We also observed that the dry 
down takes 5 minutes. 

Next, a flow rate dependence of the frost 
point behavior is shown in Fig. 4(b). As the flow 
rate decreased, the baseline increased. The reason is 
thought that there is a leak in the dry box. 

5. Conclusion 
We developed a portable trace moisture 

analyzer by using a fast response ball SAW sensor 
and a USB pulsar. We demonstrated the on-site 
adaptability where the moisture control of the load 
lock camber is necessary.  
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Fig. 4 (a) Response of frost point due to opening 
and closing of the cover at flow rate of 6L / min. 
(b) Flow rate dependence of frost point behavior 
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Fig. 3 (a) Frost point dependence of attenuation. 
(b) Calibration curve using spline interpolation. 
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1. Introduction 

Guided waves have been anticipated for the 
health monitoring of piping in various kinds of 
industrial fields because of their capabilities for the 
long range inspection. However, in the buried pipe, 
the high attenuation coefficient is the largest  
obstacle to apply the guided wave inspection to it, 
even though there are many demands for the buried 
pipe inspections. 

Recently, the petrolutum anticorrosion 
grease (PAG), instead of the bitumen, has been 
most widely used for the coating material on outer 
surface of piping as a preproccessing before being 
buried in sand or soil. It was confirmed in our 
experiments [1] that the attenuation coefficients of 
the piping coated with the PAG were extremely 
large in comparison to those of the piping buried 
directly in sand or soil [2].  

The leaky T(0,1) mode guided wave (LTGW) 
propagates along axial direction with leaking the 
bulk shear wave into the adjacent surrounding 
material (e.g. sand, soil, or PAG). In this paper, first, 
the theoretical formula of the LGW was expressed. 
Several theoretical outcomes, especially in the 
dependence on the shear wave velocity of the 
surrounding material, were shown. Secondly, 
experimental measurements of the attenuation 
coefficients were shown along with the theoretical 
values. Preliminary experimental results have 
shown [1] that the attenuation coefficients have 
become small when the temperature of the PAG has 
risen. A reason of this temperature dependence was 
discussed. 

 
2. Leaky T(0,1) mode guided wave (LTGW) 

The fomula of the LTGW is as follows: 
µpetro

µsteel

β
α
H1

(1) βr2( )
H0

(1) βr2( ) J0 αr2( )Y1 αr1( )− J1 αr1( )Y0 αr2( ){ }
+ J1 αr1( )Y1 αr2( )− J1 αr2( )Y1 αr1( ){ } = 0

α 2 = kpetro
2 − k2 , β 2 = ksteel

2 − k2

⎫

⎬

⎪
⎪⎪

⎭

⎪
⎪
⎪ , (1) 

 
 

where, µpetro，µsteel，kpetro，ksteel，r1，and r2 are bulk 
shear moduli of the PAG and steel pipe, shear 
wavenumbers of the PAG and steel pipe, and outer 
and inner radii of the steel pipe, respectively. H, J, 
and Y are Hankel, Bessel, and Neumann functions, 
respectively. 

Figure 1 shows the theoretical relation 
between the attenuation coefficient and the shear 
wave velocity of the surrounding material. The 
attenuation coefficient takes small with the large 
shear wave velocity. It was confirmed theoretically 
that the attenuation takes small when the pipe wall 
becomes thick or the diameter becomes large. 

3. Experiments 

114.2-mm-outer-diameter and 4.5, 4.9, and 
6.0-mm-thick steel pipes were used for the 
attenuation measurements. The experimental setup 
was shown in Fig. 2. The PAG was coated on the 
left side surfaces of the pipes. The frequencies were 
set to be 30, 40, and 50 kHz. The attenuations were 
measured under five different environmental 
temperatures, 20, 25, 30, 35, and 40ûC. The 
viscosity of the PAG changes drastically with 
temperature, which was fairly hard at 20ûC and  
was fairly smooth at 40ûC. This means that the 
shear modulus also changes drastically with 
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temperature. 
 
4. Results 

Figures 3(a) and 3(b) show the 40 kHz time 
domain signals regarding the 4.5-mm-thick pipe for 
temperatures 20ûC and 40ûC, respectively. In both 
cases, the multiple reflections at the both end of the 
pipe could be observed. Because of the number of 
the multiple reflections, it was confirmed clearly 
that the attenuation coefficient at 20ûC is much 
larger than that at 40ûC. It must be one of the clear 
evidences for the temperature dependence of the 
attenuation coefficient. In the previous chapter, it 
was shown qualitatively that the bulk shear 
modulus decreased with increasing the temperature, 
and was also shown theoretically that the 
attenuation coefficient increased with increasing the 
bulk shear wave velocity (or bulk shear modulus). 
Therefore, the attenuation coefficient must be 
dependent on the bulk shear wave velocity and it 
increases with increasing the bulk shear wave 
velocity. 

Figure 4 summarizes the attenuation 
coefficients regarding 40 kHz as a function of the 
temperature. It was clearly shown that the 
attenuation coefficient decreased when the 
temperature increased. It was also shown that the 
attenuation coefficient decreases monotonically 
with increasing the wall thickness. These 
experimental results underpin the theoretical 
outcomes deduced from eq. (1). 

The Attenuation coefficient (40 kHz) as a 
function of the wall thickness regarding all the 
temperatures is shown in Fig. 5. It can be clearly 

confirmed that the attenuation decreases with 
increasing both the temperature and the wall 
thickness. The five solid lines in Fig. 5 indicate the 
theoretical relations corresponding to the five 
temperature groups, respectively. The five 
theoretical relations were obtained by calculating 
separately with the bulk shear wave velocities, 276, 
220, 163, 116, and 91 m/s, respectively. The shear 
wave velocities used in the calculations were 
decided so as to take the smallest least-square 
difference between the theoretical calculations and 
the three experimental results regarding the same 
temperature group. It is much difficult to measure 
the temperature variation of the shear wave 
velocities (or the bulk shear moduli) of the viscous 
material like PAG and those are actually unknown. 
However, the theoretical behavior agreed relatively 
well with the experimental attenuations regarding 
the three wall thicknesses in every five 
temperatures (Fig. 5). 

5. Conclusion 
In this paper, the attenuation characteristics 

of the leaky T(0,1) mode guided waves (LTGW) 
propagating in the steel pipe buried in the 
petrolatum anticorrosion grease (PAG) were shown 
theoretically and experimentally. The theory of the 
LTGW explained well about the attenuation 
characteristics. The attenuation coefficient changed 
monotonically with the bulk shear modulus that was 
due to change with the temperature.  
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