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Abstract 

The guided longitudinal wave technique (GWT) has been considered as a very promising approach for the long 
range tubing (piping) inspection. However, the defect sizing using GWT technique is still rather complicated.   
In present paper authors present experimental results obtained from 0.75′′ heat exchanger tubes with a number of 
artificially created flaws simulating corrosion/erosion. The guided wave was generated via the magnetostrictive 
force from the end of the tube in a range of frequencies 18 – 48 kHz.         
It was shown that when the extent of the flaw is of the same order as the wavelength, both the extent of the flaw and 
the depth of the flaw contribute to the amplitude of the response. This interaction significantly complicates the flaw 
sizing analysis.   
Experimental data and the results of theoretical modeling will be presented to demonstrate a multi frequency 
approach that enables the flaw sizing procedure to be more accurate.                
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1. Introduction 

Most of the examinations of heat exchangers tubes today are carried out by ultrasonic, eddy 
current and magnetic flux leakage techniques [1]. However, it has been shown that the guided 
waves technique has the potential of providing rapid and cost effective screening of heat 
exchanger tubes for volumetric defects [2]. Currently, improvement in the defect sizing 
capability of GWT is the most important factor in terms of its commercial implementation. 
Compared to the conventional ultrasonic techniques, the magnetostrictive technique allows the 
use of low frequency ultrasonic waves (far below 100 kHz) that travel the entire length of tubes. 
These lower frequencies, however, dramatically reduce the spatial resolution and consequently 
complicates the defect sizing.   
There has been significant investigative work done to determine the defect sizing capability of 
GWT. For instance, it was clearly shown that the defect depth directly contributes to the 
amplitude of the response in pipes [3]. At the same time, the impact of the axial extent of the 
flaw was found to be mostly determined by the geometry of a wave-guide. For instance, it was 
shown that guided waves are relatively insensitive to the axial extent in plates if the flaw extent 
is small compared to the wavelength [4]. At the same time it was found that the signal amplitude 
is sensitive to the axial extent of flaws like corrosion pitting in pipes [5].  
There are a great variety of flaws that can possibly appear in heat exchanger tubes. In this paper, 
authors discuss the sizing approach for corrosion/erosion type defects having an axial extent of 
the same order as the wavelength.  The selected frequency range was 18-48 kHz.  
Longitudinal (L 0,1) mode of guided waves was used for the research.  
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MsS Probe and Characteristics of Guided Wave   

The MsS instrument employs a probe that is inserted from the end of the tube, as shown in 
Figure 1.  The transmitting and the receiving coils are placed on a rigid rod. When the rod is 
inserted in the tube, a pulse of electrical current is applied to the transmitting coil. It results in the 
generation of elastic waves propagating in both directions A and B. When the impulse B hits the 
cut off end of the tube it changes the direction of propagation and combines with impulse A at 
point C.  

L

AB C

MsS Probe

 
Fig.1. The MsS probe setup. 

The depth of the insertion L is manually adjusted until the A and B waves interfere 
constructively at point C. For any selected central frequency the parameter ‘L’ is different and 
can be optimized by moving the probe back and forward until it gets to the position where the 
opposite cut off end signal shows the highest amplitude. It follows from the probe design that no 
direct physical contact with the tube and no coupling medium are required to launch the 
ultrasonic wave in the tube. Two principal wave modes typically used for inspection of tubes and 
pipes are shown in the dispersion curve diagram in Figure 2. 
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 Fig.2. Dispersion curves for 0.75′′ heat exchanger tube. 
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For the OD/ID geometry ratio of the selected 0.75′′ HX tube, the L(0,1) mode was shown 
experimentally to be superior to L(0,2) for inspection.   
The selected frequency band of 18-48 kHz was chosen because of the relatively constant group 
velocity values in this frequency range. The data were acquired using 2 cycles impulse.  

Experimental Results and Theoretical Interpretation    

To evaluate the applicability of GWT for sizing of defects in heat exchanger tubes, a set of 
sample tubes with grooves simulating corrosion/erosion was manufactured. Most of the attention 
was focused on the impact of the axial extent of the flaw on the amplitude of the response 
because the depth of the flaw has never elicited any questionable results: the deeper the flaw the 
stronger the response.   
Fig.3 shows the data obtained from 0.75′′ OD carbon steel tube with 4 circumferential grooves 
having the same depth - 0.02′′ - but different axial extents - 0.125, 0.375, 0.75 and 1.5 inches.   
The amplitudes of these four responses clearly show that for the selected frequency 32 kHz, the 
axial extent of the flaw dramatically alters the amplitude of the response. For instance, the 
difference between signals A and D is in excess of 14 dB. From a calibration stand point, this 
effect could result in very large sizing errors if all the amplitude increment were referred to the 
depth of the flaw.          
Taking into account the fact that guided waves are sensitive to any kind of changes in cross-
section of the tube, all the observed changes in the amplitude can be explained by interaction of 
the ‘front side’ and ‘rear side’ signals. To help determine the shape and phase relationship of the 
‘front side’ and ‘rear side’ signals, another sample tube was machined with the through wall 
groove having the axial extent 16′′.  
 

    

Groove A B C D 

Depth, (in) 0.02 0.02 0.02 0.02 

Axial extent, (in) 0.125 0.375 0.75 1.5 
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Fig.3.  Results obtained from 0.75′′ heat exchanger tube with four  

circumferential shallow grooves having the same depth. 
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Figure 4 shows the geometry of the groove and the response obtained at the 28 kHz central 
frequency. It can be clearly seen that the guided wave produced two responses A and B. The 
response A came from the front side of the groove and the response B came from the rear side of 
the groove. It is important to note that signal B is 180° out of phase relative to signal A. 
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Fig.4. The response obtained from the 16′′ long trough-wall groove. 

The results obtained from the 16′′ groove were used as a basis for a computer simulator that 
showed the shape and the amplitude of the combined ‘A plus B’ signal for the wide range of the 
groove axial extent.  Figure 5 presents the resulting signal amplitude obtained for two different 
cases: a single volumetric flaw (curve ‘G1’); and the sequence of ‘two notch’-type flaws that are 
spaced to have a combined axial extent the same as the single volumetric flaw (curve ‘G3’).  
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Fig.5. Calculated amplitude of the response as a function of the axial extent of the flaw for 
two cases: a single volumetric flaw (G1); and two notches (G3).   
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The curve for the two-notches case was obtained based upon experimental work showing that 
signals from both notches are in phase. The curve ‘G2’ represents the amplitude of the front 
(rear) side response only.  
As it follows from the theoretical modeling, the response from the single volumetric flaw should 
reach a maximum when the flaw extent is equal to λ/4 or odd multiples of the λ/4. It also should 
reach a minimum when the flaw extent is close to zero or equal to λ/2 or even multiples of the 
λ/2. It also should be noted that there are at least three points (1,2,3) where the amplitude of the 
combined ‘A plus B’ signal is the same as the amplitude of the ‘front side’ (‘rear side’) signal. 
The result of interaction in such a case can be attributed to the resulting phase of the ‘A plus B’ 
signal. Curve ‘G3’ (‘two notches’ case) is 180° out of phase with the curve ‘G1’. It would imply 
that there is a potential to differentiate between a single volumetric flaw and a sequence of two 
notches. However, if there is quarter wavelength difference between the axial extent of the single 
volumetric flaw and the axial extent of the ‘two-notches’ flaw, the amplitude of both flaws 
changes in the same way. Additional work is needed to distinguish between two circumstances.        

Verification of results 

To verify the applicability of theoretical results described above, all the signal amplitudes data 
presented on Figure 3 were placed on the diagram shown on Figure 5. Over the wavelength of a 
32 kHz signal (λ = 6.56′′), they have an approximate axial extent equal to 1/52, 1/17, 1/9, 1/4 of 
the wavelength and shown as points A, B, C, and D. The amplitude of groove B turned out to be 
very close to point ‘1’ on Figure 5 where the flaw extent does not alter the amplitude of the 
response. Relative to signal B, signal A can be considered as being 6 dB degraded. Signals C and 
D were reinforced by the factors 3 and 8 dB. Further comparison of theoretically forecasted and 
experimental results showed that the increment in the amplitude of signals C and D relative to 
the amplitude of signal B is consistent with theory. The amplitude of signal A turned out to be 
20% higher but still very close to the expected numbers.  
To get more realistic representation of corrosion/erosion defects, another sample tube was 
machined with the number of non-circumferential grooves of the same 0.05′′ depth but different 
axial extent. All grooves had facets of the same size on both sides. An axial extent is shown in 
two ways: ‘Axial extent 1’ – the extent of the deepest flat area;  ‘Axial extent 2’ – the extent of 
the whole groove including facets. Geometry of the grooves is shown on Table 1 and Figure 6.  
 
Table 1 

 

Groove A A1 B B1 C C1 D D1 

Depth, (in) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Axial extent 1, (in) 0.99 1.98 1.22 2.44 1.6 3.2 2.34 4.68 

Axial extent 2, (in) 1.71 2.7 1.94 3.16 2.32 3.92 3.06 5.4 

Experimentally Measured axial 
extent, (in) 

 
2.15  2.71  3.68  5.72 

 
A wide frequency range (18 - 52 kHz) was applied to the tube. Finely, only four frequencies - 48, 
38, 28 and 18 kHz were selected as showing the most noticeable amplitude fluctuations of the 
signals. Figure 7 shows the responses obtained for each selected frequency.  
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Fig.6. Geometry of 8 non-circumferential grooves. 
 

                       

a)

b)

c)

d)
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                       Fig.7. Results obtained from sample tube with 8 non-circumferential grooves.   
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Figure 8 shows the amplitude of all the signals after they were normalized relative to the 
amplitude of the signal coming from the end of the tube that is opposite to the end where the 
sensor is located.  
As expected, the amplitude of each response varies with the frequency. It can also be noted that 
when λ/2 equals the axial extent of the flaw, the amplitude of the response reaches the minimum 
(signals: A1 chart (a), B1 chart (b), C1 chart (c), D1 chart (d)). Conversely, when λ/4 matches 
the axial extent of the flaw the amplitude of the response is close to its maximum (signals: A 
chart (a), B chart (b), C chart (c) and D chart (d)).  
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Fig.8. Normalized amplitude of signals obtained from the ‘8 grooves’ sample tube  
versus the operating frequency. 

    
This diagram indicates that the influence of the flaw axial extent must be determined either by 
direct measurement or by use of the computer simulator to get rid of any uncertainties with the 
sizing of the flaw cross-section. The maximum and minimum points on this diagram can be 
utilized to estimate the axial extent of a flaw.  However, the minimum point looks more 
attractive because it can be clearly seen by sight when the signal is degraded by destructive 
interference. For instance, responses from grooves A1, B1, C1 and D1 reach the minimum point 
at frequencies 48, 38, 28 and 18 kHz, as shown on Figure 8. That would imply that an axial 
extent of these grooves is close to the half wavelength (or even multiple of λ/2 for each 
frequency). These values are 2.15, 2.71, 3.68 and 5.72 inches respectively, and shown in Table 1 
as the experimentally measured axial extent of the grooves. It also was found that higher 
frequencies showed the measured axial extent to be closer to ‘Axial extent 1’ (see Figure 7), 
while the lower frequencies showed the measured extent to be closer to ‘Axial extent 2’.      
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Discussion.     
It has been determined that longitudinal guided waves are sensitive to any kind of change in the 
cross section of wave-guide. The front side of the flaw and the rear side of the flaw typically 
represent areas where the cross section of the wave-guide is abruptly altered. Therefore, for 
volumetric flaws having an axial length less than the pulse length of the guided wave, the 
amplitude of the response is determined by two signals. These two signals interfere 
constructively or destructively depending on the ratio of the wavelength to flaw length. The 
frequencies producing the maximum and minimum signal amplitudes can then be utilized for 
sizing of the axial extent of the flaw. After the axial extent of the flaw is found, an amplitude 
correction coefficient Kax can be used to determine the amplitude of the response as a function of 
flaw cross-section. Finally, the flaw cross-sectional size D can be calculated as follows: 

  %100∗∗= ax
end

flaw
K

A

A
D ,    where  

D – the flaw cross-sectional area (%); 
Aflaw – the amplitude of the response from the flaw; 
Aend – the amplitude of the opposite cut off end signal; 
Kax -  the amplitude correction coefficient. 
Figure 9 shows the calculated values of the amplitude correction coefficient Kax for both cases: a 
single volumetric flaw; and ‘two notch’ -type flaws. 
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Fig.9. Amplitude correction coefficient for a single volumetric flaw (curve G1) and two notches 

(curve G3) as a function of the flaw axial extent. 
 

Curves G1 and G3 were calculated on the basis of two 32 kHz front side and rear side responses. 
But, the results should also be applicable for any frequencies with some deviations that could 
come up if there is any noticeable difference between the shapes of the ‘front side’ and the ‘rear 
side’ signals or two notches are not identical. However, even in this case the position of maximal 
and minimal points should stay the same. 
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Conclusions 
 
The remaining wall thickness is usually the most critical parameter when making a decision 
about plugging a heat exchanger tube. The guided wave technique does not allow making direct 
measurement of the tube wall thickness. However, some unique features of guided waves can be 
used for estimating flaw cross-sectional area. These features are based on the fact that the signal 
amplitude from a defect is dependent on both cross sectional area and an axial extent of the 
defect. 
The described sizing procedure is carried out in two steps: 

• Identification of the flaw length using the interference pattern of ‘front side’ and ‘rear 
side’ signals; 

• Applying the amplitude correction coefficient to get the amplitude that is due to the 
cross-sectional size of the flaw.  

The technique has a potential to differentiate between larger volumetric flaws and more localized 
flaws resembling ‘two-notches’ case discussed in the paper. 
Current experimental work is focused on determining the flaw depth based on cross sectional 
value. 
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