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Abstract 

Acoustic Pulse Reflectometry (APR) has seen increased use in recent years as a 

method for non-traversing heat exchanger tube inspection. However this method detects 

only Inner Diameter (ID) faults such as blockages, through-wall holes and ID wall loss, 

limiting its range of applications. A similar method, usually termed Guided Waves (GW), 

which is also non-traversing, has been applied until now mainly as a screening tool for 

large diameter pipe inspection. However, recent advances in GW technology make it 

extremely useful for inspection of small diameter tubes found in heat exchangers, among 

them miniaturization of the transducer array, extension of signal bandwidth and 

improvements in signal analysis. This implementation, which we term Ultrasonic Pulse 

Reflectometry (UPR) can be used to detect, classify and size many common defects 

found in heat exchanger tubes such as ID and OD wall loss, and cracks. Together, APR 

and UPR are capable of detecting the entire range of typical defects, while remaining 

non-invasive, extremely fast, and insensitive to tube material and configuration. We 

discuss here the principles of these technologies, their implementation in a single probe, 

and case studies on heat exchanger mockups. 

1. Introduction 

Pulse Reflectometry (PR) is a generic technique for probing cavities and materials. The 

basic idea behind PR is a simple one: waves will propagate without interruption in any 

medium, as long as the impedance is constant. However, any change in the medium's 

impedance will cause scattering, and in some conditions proper analysis of the scattered 

waves will enable reconstruction of the changes in the medium properties. Many 

different ways have been conceived in which to harness this principle usefully, from 

seismic exploration to conventional ultrasound thickness measurements. The challenge 

in implementation of this method in a specific application is in the correct design of 

transducers, signals and analysis methods to fully exploit its potential. 

Two variants of PR have been used in recent years for inspection of tubes and pipes: 

Acoustic Pulse Reflectometry (APR), and Guided Waves (GW), also known as 

Ultrasonic Pulse Reflectometry (UPR). A brief discussion of each is presented below. 

What is common to both methods is that they are non-traversing: by initiating a 

measurement from one end of the tube or pipe, various defects can be detected 

throughout its length. This is in contrast to more conventional methods such as eddy 

current, which require physically pushing a probe throughout the length of the tube. PR 

based techniques have the potential to be much faster, with far less wear and tear on 

the equipment. 
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1.1 APR 

Typically, a tube (or pipe) has one dominant dimension, i.e. its axial length. Thus, APR is 

based on propagating acoustic waves in the air inside the tube, along the axis. These 

can be generated by a loudspeaker placed at the end of the tube, and measured by an 

associated microphone. Up to a certain cut-on frequency, determined by the Internal 

Diameter (ID), only "plane waves" having a uniform particle displacement over the cross 

section will be able to propagate. Such waves are particularly simple to generate and 

measure and they are essentially uni-dimensional. Any change in the internal cross-

sectional area of the tube, due to wall loss for example, will cause scattering. In the case 

of plane waves, such scattering will simply create reflected waves that will propagate 

back up the tube.  

APR is relatively simple to implement, and has several attractive features. APR 

measurements on typical lengths of heat exchanger tubing can be performed very 

quickly, on the order of 15 seconds per tube. In addition, it is the only method that can 

detect and quantify cross sectional reductions due to debris, fouling and deposits. It is 

also very accurate and sensitive in detecting and sizing through-wall holes, which 

present an acoustic short circuit to the air encircling the tube. However, APR suffers 

from a major drawback, in that it is incapable of detecting defects on the Outer Diameter 

(OD) of the tube. 

1.2 UPR 

UPR, or Ultrasonic Pulse Reflectometry, is based on propagating acoustic waves in the 

tube wall itself, rather than the air enclosed by the tube. In contrast to conventional 

ultrasound inspection, used to inspect a small area of the tube wall directly below the 

probe, UPR involves propagating the ultrasonic waves throughout the length of the tube. 

As in APR, any change in cross section will create scattered waves, which can then be 

measured. UPR, however, is much more complicated than APR, from the points of view 

of both physics and engineering.  

Ultrasonic waves propagating along the axis of a cylindrical shell such as a tube can 

propagate in many different "modes". These modes of propagation differ from each other 

in patterns of particle displacement, as well as in propagation velocities. Most modes are 

in fact dispersive, having propagation velocities that are dependent on frequency. Three 

general types of modes can be found: longitudinal, torsional and flexural. Detailed 

analyses of these modes can be found in numerous scientific publications. From a 

practical point of view, when implementing UPR, the challenges are: 1) selecting the 

modes to be generated in the tube; 2) separating the measured waves into their different 

modal components. 

Beyond the physical considerations, the engineering challenges in implementing UPR 

are also considerable. Ultrasonic waves are excited by piezoelectric transducers which 

must be brought into physical contact with the tube wall. To control the modal content of 

the generated and measured waves, multiple such transducers must be employed. This 



array of transducers has to fit into the narrow confines of the space inside the tubes if it 

is to be used for heat exchanger inspection, and a means for rapid deployment is 

required in order to match the speeds of APR (approximately 15 seconds per tube).  

UPR is capable of detecting defects present both on the ID and OD (Outer Diameter), as 

opposed to the ID-only capabilities of APR. On the other hand, it is less sensitive to 

through-wall holes than APR, and cannot detect changes in the internal cross section of 

the tube. 

2. State of the art 

In view of the complementary capabilities of APR and UPR, we have developed a probe 

for carrying out both of these measurements simultaneously. The current probe is 

targeted at 3/4" tubes, with probes for 7/8" and 1" in development. In this section we will 

present several measurements carried out on heat exchanger mockups with 

manufactured defects. 

Baseline measurements: Figure 1 shows APR (top) and UPR (bottom) measurements 

on a 1.2 meter carbon-steel 3/4" tube, with a wall thickness of 1.65mm. After the initial 

signal dies out, the signals are quiet up to the large reflections from the tube ends. This 

type of baseline measurement can be subtracted from any further measurements, in 

order to magnify the effect of any reflections off defects, and remove the reflections 

caused by structural properties. 

 

Figure 1 – baseline measurements on clean tube 

ID/OD pits: Figure 2 shows measurements on a similar tube with an OD pit having a 

diameter of 7/64", and depth of 60% at 0.7m, and an ID pit having a diameter of 3/16", 

and depth of 40% pit at 1.05m. 
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Figure 2 – measurements on a tube with ID/OD pits 

Signatures of the pits can be found in this figure, highlighted with light blue rectangles. 

The ID pit at 1.05m is detected by both APR and UPR, though detection is more evident 

in the UPR signal. As expected, the OD pit at 0.7m is detected only by UPR. 

Through-wall hole and OD pits: Figure 3 shows measurements on a tube with an OD pit 

having a diameter of 7/64", and depth of 60% at 0.7m, an OD pit having a diameter of 

5/64", and depth of 80% pit at 1m, and a through wall hole of diameter 1.3mm at 1.1m. 

 

Figure 3 – measurements on a tube with a through-wall hole and OD pits 

As expected, both OD pits are detected only by UPR. The through-wall hole is detected 

by both methods, however this time the APR signature is stronger than the UPR 

signature. This is due to the fact that for UPR, the difference between a pit and a 
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through-wall hole is only a matter of degree of wall loss; for APR, however, a pit is a wall 

loss defect, whereas an actual hole creates a short circuit to the surrounding 

atmosphere, generating completely different and much larger signature. 

Partial blockage, through-wall hole and OD pits: Figure 4 shows measurements on a 

tube with a through-wall hole of diameter 0.65mm at 0.5m, two OD pits having a 

diameter of 3/16" and depths of 20% at 0.8m, and an internal obstruction of 10% cross 

section at 1m. 

 

Figure 4 – measurements on a tube with a through-wall hole, obstruction and OD pits 

Again, the OD pits are detected only by UPR. The through-wall hole is too small to be 

detected by UPR, however it is clearly detected by APR. The 10% obstruction creates a 

very large APR, and even a small UPR signature. This is due to the fact that the 

blockage is created by inserting a metal washer in the tube, in strong contact with the 

tube wall. Fouling or deposits of other materials would affect the APR signal to the same 

degree, with very little or no effect on the UPR signal. 

3. Conclusion 

APR and UPR have complementary capabilities in detecting typical defects found in heat 

exchanger tubing: pits and other wall loss defects (both OD and ID), through-wall holes 

and obstructions. Integrating both technologies into a single probe gives a very rapid 

inspection system that does not involve traversing the entire tube length with a physical 

probe. Experiments on mockups give very encouraging results, with further tests due 

both in the lab and in the field. 
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